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Abstract: Absorbable magnesium stents have become alternatives for treating restenosis
owing to their better mechanical properties than those of bioabsorbable polymer stents.
However, without modification, magnesium alloys cannot provide the proper degradation rate
required to match the vascular reform speed. Gallic acid is a phenolic acid with attractive biological
functions, including anti-inflammation, promotion of endothelial cell proliferation, and inhibition
of smooth muscle cell growth. Thus, in the present work, a small-molecule eluting coating is
designed using a sandwich-like configuration with a gallic acid layer enclosed between poly
(d,l-lactide-co-glycolide) layers. This coating was deposited on ZK60 substrate, a magnesium alloy
that is used to fabricate bioresorbable coronary artery stents. Electrochemical analysis showed that the
corrosion rate of the specimen was ~2000 times lower than that of the bare counterpart. The released
gallic acid molecules from sandwich coating inhibit oxidation by capturing free radicals, selectively
promote the proliferation of endothelial cells, and inhibit smooth muscle cell growth. In a cell
migration assay, sandwich coating delayed wound closure in smooth muscle cells. The sandwich
coating not only improved the corrosion resistance but also promoted endothelialization, and it thus
has great potential for the development of functional vascular stents that prevent late-stent restenosis.

Keywords: magnesium alloy; cardiovascular stents; callic acid; dip coating;
endothelialization; anticorrosion

1. Introduction

According to reports from the Global Health Organization in 2016, cardiovascular diseases (CVDs),
the prevalence of which increased by 15% in the past decade, are the leading cause of death (44%)
among non-communicable diseases [1]. In clinical settings, a percutaneous coronary intervention (PCI)
combined with balloon angioplasty and stent implantation is the gold standard for treating stenotic
arteries. Currently, dual antiplatelet therapy is suggested for at least 12 months to alleviate mural
thrombosis caused by PCI [2]. The traditional materials used in cardiovascular stents are 316 L stainless
steels, cobalt-chromium alloys, and nickel-titanium alloys [3]. However, the permanent installation of
devices inside the human body causes a chronic inflammatory local reaction and long-term endothelial
dysfunction [4]. Biodegradable magnesium (Mg) and its alloys are ideal candidates for stent platforms
because they have less neointimal formation and provide long-term inhibition of the growth of smooth
muscle cells (SMCs), unlike stainless steel [5,6]. The Mg alloys also have twice the tensile strength of
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unmodified biodegradable poly-l-lactide (PLLA), which leads to flexible stenting deployment and
better radial force [7–9].

To properly use a magnesium alloy as a biodegradable stent platform for physiological applications,
the corrosion rate must be controlled. To date, the surfaces of degradable magnesium alloys have
been modified in several ways, such as alkaline heat treatment (AHT), the sol-gel process, chemical
conversion, and micro-arc oxidation (MAO) [10,11]. Although ceramic MAO processing may provide
a consolidated surface [12–14] for clinical applications, a prior study showed that this process did
not improve corrosion resistance after three months [15]. In contrast, a sol-gel coating can greatly
improve the corrosion resistance with chemical modifications [16]. Polymetric processes create a
physical barrier [17] that enhances the corrosion resistance of Mg-stents, and the barrier also serves
as an absorbable drug-loading system [18,19]. A polymer coating of a specific thickness can prevent
complete degradation of Mg alloys for periods of 1 to 12 months [20].

Phenolic molecules, such as gallic acids (GA), exert and induce specific levels of selective
viability in human endothelial cells (ECs) and SMCs [21–24]. Furthermore, these extracted molecules
have anti-oxidation characteristics that inhibit inflammation. Since cellular antioxidants prevent the
formation of oxidized low-density lipoprotein (LDL) and antiplatelet activation, this is a remarkable
method by which to treat atherosclerosis [25]. Although several articles have indicated that the
phenolic conversion coating on a Mg-alloy is non-toxic and anti-corrosive, chemical conversion may
compromise stent integrity through the phenolic-Mg conversion process [26–29].

Mg-Zn alloys are well-known for their good corrosion resistance and physiological safety [30].
The ZK60 Mg-6Zn-0.5Zr alloy has been used to make vascular stents due to its better biocompatibility
than those of other Mg alloys [31]. In addition, ZK60 has a high tensile strength (315 MPa) that prolongs
the radial force of Mg stents. Nevertheless, the rapid degradation rate of bare ZK60 represents a
shortcoming of the alloy for its use to fabricate bioresorbable coronary artery stents [15]. In this paper,
a coating comprising of GA sandwiched between two layers of Poly (d,l-lactide-co-glycolide) (PLGA),
a novel sandwich coating, on Mg alloy ZK60 concept was proposed. It can serve not only as a protective
barrier that increases corrosion resistance but also as a reservoir for controlling GA release. The surface
properties of coated-Mg stent and corrosion behavior of a Mg alloy were determined. Furthermore,
cell viability and cell migration tests were performed to investigate the cell regulation of released GA
in endothelialization as well as the effects on the growth of smooth muscle cells.

2. Materials and Methods

2.1. Materials and Specimen Preparation

In this study, extruded commercial ZK60 alloy bars (Zn 5.48 wt.%, Zr 0.42 wt.% and balance Mg)
comprised the starting material for the substrate [32]. PLGA in molar ratio of 85/15 and GA with purity
above 97.5% were purchased from Sigma-Aldrich (St. Louis, MO, USA; Figure 1a). ZK60 disks cut
from the bars were reduced to 12 mm in diameter and 5 mm in thickness (Figure 1c). These specimens
were ground with silicone carbide sandpaper (150–5000 mesh) and polished. Before being dried in
a stream of air, all specimens were rinsed ultrasonically with acetone, ethanol, and distilled water
for 5 min, respectively. Mg-stent was machined by an INTAI Technology and CHONG HUAI laser
(Taichung, Taiwan) for further evaluation.

2.2. Sandwich Coating Films Preparation

Mirror-polished ZK60 specimens were soaked in an alkaline solution composed of 20 wt.% NaOH.
The solution was stirred at 240 rpm and then heated for 90 min at 60 ◦C to equilibrate the specimens.
After 90 min, the specimens were drawn out of the alkaline solution and rinsed with deionized
water. The rinsed specimens were incubated at 80 ◦C for 30 min until they were dried. Subsequently,
heat treatment at 120 ◦C for another 30 min was conducted to stabilize the oxide film. To fabricate the
sol-gel PLGA coating layer, PLGA was dissolved at a concentration of 4 wt.% in 10 mL of chloroform.

2



Materials 2020, 13, 5538

The PLGA film thickness depended on the drawing speed of 3 mm/s, and the film was dried in a stream
of air to form a uniform dip-coating surface. Subsequently, different coating layers were prepared with
or without GA solution. The samples were dipped into GA solution at a concentration of 1 wt.% and
10 mL acetone. Finally, the samples were ultrasonically rinsed with ethanol and air-dried. The coating
steps were conducted on the Mg-stent for surface morphology observation.

2.3. Characterization of the Surface, the Cross-Section Structure, and the Elements Content

The crystallinity of ZK60 was analyzed using thin film X-ray diffraction (TF-XRD Bruker D8
Discover, Brucker, Karlsruhe, Germany) with Cu-Kα radiation. Diffraction patterns were acquired at 2θ
values of 20–80◦. The surface morphology and element distributions of the coating films were studied
by scanning electron microscopy (SEM JSM-6700F, JEOL, Tokyo, Japan) under 10 kV acceleration voltage
and energy dispersive spectrometry (EDS JSM-6700F, JEOL, Tokyo, Japan) under 0.2 keV acquisition
energy, respectively. The structures of the films were recorded with a Fourier transform-infrared
(FT-IR) spectrophotometer (FTIR-4600, Jasco, Tokyo, Japan) at a transmitter ratio (T%) and infra spectra
resolution of 4 cm−1. The spectra were collected in the range of 600–4000 cm−1.

2.4. Electrochemical Corrosion and Hydrogen Evolution Tests

The electrochemical and hydrogen evolution tests were performed in revised simulated body
fluid (r-SBF) solution (per liter, 0.072 g of NaSO4, 0.182 g of K2HPO4, 0.225 g of KCl, 0.310 g of
MgCl2 6H2O, 0.736 g of NaHCO3, 0.923 g of CaCl2, 2.036 g Na2CO3, 5.403 g of NaCl, and 11.928 g
of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic avid (HEPES) dissolved in deionized water),
respectively. In the electrochemical corrosion tests, a PARSTAT 2273 electrochemistry workstation
(PARSTAT 2273, AMETEK, Berwyn, PA, USA) was operated at a scanning rate of 1 mV s−1 at −2.0 V to
1.0 V with a step height of 2.5 mV [12]. A reference saturated calomel electrode (SCE KCl) combined
with a conventional three-electrode electrode cell and a platinum plate was used for the electrochemical
analysis. The area of the working electrode exposed to the electrolyte was controlled by a polylactic
acid (PLA) holder to within 1 cm2. Each sample was tested for once and immersed in r-SBF solution at
least three hours [12]. In hydrogen evolution test, all samples (n = 3) were freshly prepared and then
placed in the r-SBF solution for 48 h at a pH of 7.4 and a temperature of 37 ◦C. The equipment then
recorded the total volume of the hydrogen released from the magnesium alloys [32].

2.5. Cytocompatibility Evaluation

The cytocompatibility tests examined cytotoxicity, cell proliferation, and migration. A human
umbilical vein cell line (EA. hy926) and a rat aortic smooth muscle cell line (RASMC) were provided
by Wen-Tai Chiu (National Cheng Kung University, Tainan, Taiwan). The growth behaviors of the EA.
hy926 and RASMC represented the cardiovascular ECs and SMCs, respectively. Before cell culturing,
the sterile samples were immersed in free fetal bovine serum Dulbecco’s Modified Eagle Medium
(FBS DMEM) (approximately 1.25 cm2/mL in DMEM) for 24-h extraction. The resulting filtered
(0.2 µm filter) medium was then diluted to a 15 mL volume. The cells were seeded separately at a
density of 4000 cells/well in 96-well plates. The 90% DMEM with 10% dimethyl sulfoxide (DMSO) was
used as the positive control, and 90% DMEM with 10% FBS was used as the negative control. The culture
medium was replaced with 90% extracted medium with 10% FBS overnight. Before collection of the
optical density (OD) values at 450 nm, cell counting kit-8 (CCK8) solution was added into each well
and the mixture was incubated for 2 h. Briefly, the cell proliferation was recorded on days 1, 4, and 7.
Three replications were conducted and then the results were calculated using Equation (1) below.

Relative growth rate % = [(OD test − OD positive)/(OD negative − OD positive)] × 100% (1)
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2.6. Hemolysis Tests

The hemolysis tests were performed according to the ISO 10993-4 standard for biomaterials [33].
Sodium citrate (4 wt.%) to the fresh blood samples in the ratio of 1:9 was taken 30 min before the tests.
All specimens were immersed in centrifuge tubes containing 10 mL of normal saline and incubated for
30 min at 37 ◦C. Deionized water was used as the positive control, and normal saline was used as the
negative control. After 30 min of incubating, 0.2 mL of the diluted blood, prepared with normal saline
at a volume ratio of 4:5, was added into the centrifuge tubes, and all the tubes were incubated for 60 min
at 37 ◦C. After 60 min, the tubes were centrifuged for 5 min at 2500 rpm, and the supernatant was
collected and carefully transferred to a 96-well plate for spectroscopic measurement. The hemolysis
data, read by ELISA, were calculated using Equation (2) below and were based on the average of three
replications:

Hemolysis % = [(OD test − OD negative)/(OD positive − OD negative)] × 100% (2)
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2.7. Free Radical Activity Tests

The free radical activity tests, measured diphenyl-2-picrylhydrazyl (DPPH), were performed
according to application on bleached teeth and several antioxidant tests on magnesium alloys [34].
The DPPH powder was diluted in 0.2 mmol/mL DPPH solution with 70% ethanol. All specimens
were immersed in 2 mL of DPPH solution and incubated at 37 ◦C for 1 h in the dark. Similarly, DPPH
solution was used as the control group. Then the absorbance of DPPH data, read by microplate reader,
were calculated using Equation (3) below based on the average of three replications:

Inhibition % = [(OD control − OD test)/OD control] × 100% (3)

2.8. Statistical Analysis

In this study, all quantitative results are expressed as standard deviation (SD) unless indicated.
Each assay was performed in at least three replicated tests, as described above. Measured experimental
results from GraphPad Prism software (Prism 9.0, GraphPad, San Diego, CA, USA) were analyzed by
a non-parametric test (Kruskal-Wallis Test) combined with Uncorrected Dunn’s multiple comparisons
test (each comparison stands alone), and a p-value < 0.05 was considered significant.

3. Results

3.1. Modification of the ZK60 Surface

An as-extruded ZK60 disk scanned by XRD indicated three peaks at 32.2◦, 34.5◦, and 36.8◦,
corresponding to Mg in Appendix A (Figure A1). As-extruded ZK60 cut disks were modified with
AHT to develop a layer of magnesium hydroxide as Equation (4) below. The Mg(OH)2 layer was
then treated at high temperature to form a rough MgO layer as Equation (5) following by the PLGA
dip coating. These chemical reactions produced a less-active ZK60 surface and a compact void-free
oxide for the dip-coating process. The void-free structure prevented inner bulk erosion on the polymer
layer and external pitting corrosion on the highly active magnesium alloy. In comparison to the bare
ZK60, the MgO coating had higher corrosion resistance to delay magnesium ions from bursting out in
Appendix A (Figure A2). The sandwich coating steps were schematized and are depicted in order in
Figure 1b. As illustrated in that figure, the bare ZK60 substrate was first treated with AHT and then
coated with sandwich coating layers. Since hydrophilic GA was unable to dissolve in the oil phase,
the hydrophobic PLGA was able to remain compact in the sandwich layer coating process.

The FT-IR analysis confirmed the encapsulation of GA in the polymer sandwich layers (Figure 1c).
The wavenumbers of the functional group in GA were sourced from a published FT-IR article [35].
The presence of the benzene signal at 1482 cm−1 allowed a decisive characterization of the phenolic GA
compound even though PLGA and GA shared several similar functional groups. The GA group had
benzene vibration peaks at 1482 cm−1, and PLGA did not, while the interference of C=O (1750 cm−1)
and C-O (1250–1100 cm−1) vibration peaks caused a broad benzene peak of the sandwich coating
from 1600 cm−1 to 1300 cm−1. Also, the O-H peaks, representing tri-hydroxyl groups at 3683 cm−1,
provided substantial evidence that the sandwich coating immobilized the GA in the sandwich structure.

Mg2+(aq) + 2OH−(aq)
Mg(OH)2(s) (4)

Mg(OH)2(s)
∆→MgO(s) + H2O(g) ↑ (5)

3.2. Effects of PLGA Dip-Coating and Phenolic Layer on the Coating Morphology

The SEM images of the sandwich coating showed that the AHT-modified ZK60 surface became
more uniform after a series of dip-coating processes (Figure 2). Initially, the morphology of the MgO
after AHT was rough and coarse. After the PLGA dip-coating, a non-homogeneous microstructure
formed on the MgO surface. After the second PLGA dip-coating, the top PLGA film layer smoothed
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the rough GA layer in the form of a sandwiched-layer structure. In addition, the SEM images indicated
that PLGA and sandwich coatings had film thicknesses of 1.1 ± 0.4 µm and 2.1 ± 0.3 µm, respectively,
in the cross-section view. The thickness of the coating’s cross-sections was proportionate with the
number of PLGA layers.
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Figure 2. SEM images of the coating steps: MgO, PLGA-MgO, GA/PLGA-MgO, and Sandwich-MgO,
the cross-section images of PLGA-MgO (1.1 ± 0.4 µm) and Sandwich-MgO (2.1 ± 0.3 µm).

EDS detection confirmed that the sandwich layers covered the bare ZK60, as shown in the
elemental distribution in Figure 3a. In the MgO layer, magnesium and oxygen accounted for 36.9% and
63.1%, respectively, while in the final sandwich coating film, Mg and oxygen (O) accounted for 7.2%
and 23.4%, respectively, with the balance being carbon (C). The decreases in the contents of Mg and O
with the layers verified that the PLGA coating protected the MgO surface. Furthermore, the rising C
contents of GA and PLGA indicated bare Mg substrate was covered by the coating. Next, an EDS line
scan was applied to analyze the elemental changes in the sandwich coating (Figure 3b,c). Based on
the changes in the ratios of the element weights, the highest content of Mg was in the ZK60 region.
Due to the rich oxygen contents of MgO, GA, and PLGA, the increasing O and declining Mg contents
indicated the MgO layer and sandwich coating. Furthermore, the rising carbon signal originated from
the mounting epoxy resin. The film thickness observed in the SEM images was consistent with the
EDS analysis measured from the first Mg–O crossing point to the second Mg–C crossing point in the
PLGA and sandwich coating films.

To evaluate the dip-coating effect on the ZK60 stent platform, the coating steps mentioned above
were repeated on the ZK60 stent prototype. Although the ZK60 stent developed irregular corrosive
struts without the coating, the coated Mg-stent retained its stent integrity, and a uniform polymer
coating formed on its surface (Figure 4).
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Figure 4. Mg-stent prototype, and the SEM images of the bare strut and sandwich-coated strut.

3.3. Anti-Corrosion Behavior

The hydrogen evolution was recorded for 48 h. The results indicated the highest H2 volume for
the untreated ZK60, and the lowest, for sandwich coating (Figure 5a). The electrochemical analysis
showed results comparable to those for hydrogen release. The lowest corrosion density of the sandwich
coating, acquired from the potentiodynamic polarization curves, suggested that the sandwich coating
improved the corrosion resistance (Figure 5b). The unmodified ZK60 had the lowest corrosion potential,
−1.6 V, and the highest corrosion current density, 20.51 µA/cm2, which corresponded to the H2 release,
indicating that the bare surfaces did suffer a severe corrosion attack in the physiological environment
(Table 1). Furthermore, the PLGA had a higher corrosion potential, −0.4 V, and a lower corrosion
current density, 1.79 µA/cm2, and the sandwich coating also exhibited a slightly increased corrosion
potential of −0.2 V and a decreased corrosion current density of 0.01 µA/cm2 than those of the bare
ZK60. These findings suggested a significant difference between PLGA and sandwich coating in terms
of electrochemical performance. This sandwich structure provided a better corrosion resistance.
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Figure 5. Corrosion resistance tests: (a) Hydrogen evolution curves of ZK60, PLGA coating and
sandwich coating and (b) Potentiodynamic polarization curves of ZK60, PLGA coating, and sandwich
coating in SBF solution.

Table 1. Fitting results for the potentiodynamic polarization curves related to Figure 5b. The inhibition
efficiency was calculated as “η% = [1 − (Icorr. sample/Icorr. Bare ZK60)] × 100%”.

Specimen
Polarization Curves

Ecorr (V) Log Icorr (µA/cm2) Icorr (µA/cm2) η (%)

Bare ZK60 −1.59 −4.69 20.51 0.00
PLGA coating −0.40 −5.75 1.79 91.27

Sandwich coating −0.24 −8.00 0.01 99.95

3.4. Effect of Phenolic Molecules on ECs and SMCs in TERMS of Cell Viability and Hemolysis

The sandwich coating layers promoted EC proliferation but inhibited the growth of SMCs
(Figure 6). Changes in GA gradient resulted in varying EC vitality, demonstrating the relationship
between EC tolerance and GA toxicity in Appendix A (Figure A3). The outcome demonstrated that the
GA 1 wt.% group had better viability than did the other two groups, while the highly-concentrated
GA suggested that direct over-exposure could cause apoptosis due to the high antioxidant activity.
After comparison to different groups, including bare (ZK60), PLGA and sandwich coating, at 1, 4,
and 7 days, sandwich coating showed no toxicity to ECs (Figure 6c).

Based on the cell viability of the ECs and SMCs, there were two notable points: the non-toxic
growth rate of sandwich coating towards ECs, and the selective suppression of SMCs (Figure 6a,b).
In comparison to bare ZK60, the PLGA and sandwich coatings exhibited significant viability in ECs.
The SMCs exhibited proliferation in the PLGA group, while sandwich coating only had 90% viability
after four days. Even though the proliferation of the ECs declined on Day 4, the decline could have
been due to the high content of GA released in a static environment. The efficiency of GA, while not
significant in the SMCs, was moderate in strength. These results indicated that the ECs had a robust
proliferation growth rate of 150% compared to the SMC group, and sandwich coating inhibited SMC
over-growth. None of the groups exhibited toxicity in the comparison tests; thus, the four-day test was
sufficient to observe the growth trend, while a seven-day test would have soon reached 100% coverage
and lost the trend in our relative growth study.

Sandwich coating presented a hemolysis ratio below 5%, corresponding to the clinical bio-safety
standard (Figure 6d). The bare ZK60 had a high hemolysis ratio of more than 43%, while both sandwich
coating and PLGA showed lower hemolysis rates of 2.1% and 3.8%, respectively. Overall, the sandwich
demonstrated a promising ability to regulate ECs and SMCs with excellent hemocompatibility.
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3.5. Anti-Oxidation

The linear regression retrieved from a gradient GA content test defined a standard reference of GA
released weight and concentration (Figure 7a). The sandwich coating film triggered GA weight release
at 1, 2, 3, and 6 h, with a reduced speed after three hours (Figure 7b). The free radical scavenging
analysis showed that the bare, PLGA, and sandwich coatings could eliminate oxidant stress with
antioxidant capacities of approximately 28%, 36%, and 63%, respectively. These data verified that the
GA released from the sandwich coating film promoted scavenging of free radicals and protected the
vascular tissue due to its significant anti-oxidative ability, suggesting that the sandwich coating is a
promising material for vascular stents (Figure 7c).

3.6. Cell Migration

The sandwiched-layer structure ensured that the GA had an anti-proliferative effect on the
SMCs and a slight influence on EC migration (Figure 8). Re-endothelialization at the lesion site
is a particularly important standard after PCI and requires healthy EC proliferation, migration,
and spreading. Additionally, ideal regulation of SMCs and ECs could prevent penetration from SMCs
as well as late-stent restenosis. As the previous viability results showed, GA has a specific sensitivity
to SMCs and ECs at GA−1wt.% (~4 µg/mL) in the sandwich-structured film. The results indicated a
robust EC migration without a significant difference in migration length among all groups (Figure 8a).
In contrast, the SMCs had a larger migration distance in the PLGA group than in the other groups,
while the sandwich and control groups were alike (Figure 8b).
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An overall analysis of the ECs and SMCs after 48 h showed 81% and 42% migration from sides
to the middle wound closure, respectively, in the control group. In the PLGA group, both the ECs
and SMCs exhibited migration of 90% and 55%, respectively (Figure 8c,d). In the bare group, the ECs
exhibited mild movement of 68%, and the SMCs showed no significant difference. Furthermore,
the sandwich coating, similarly to the control group, displayed migration rates of 82% for ECs and 38%
for SMCs. The results were consistent with the cytocompatibility test, indicating that sandwich coating
preserved the viability of ECs and inhibited the SMCs with the release of GA.

4. Discussion

One of the goals of surface modification of ZK60 is to enhance its corrosion resistance in simulated
body fluid and hence improve its potential for use in fabricating bioresorbable coronary artery stents.
Mg(OH)2 forms a passive layer on the magnesium surface through AHT [36]. This process protects the
Mg surface from ion attack and prevents the accelerated degradation of ZK60 magnesium, which is
supported by the polarization test in Figure A2. Based on the limitations in our lab, discussing the
LA:GA ratio of PLGA and the coating techniques was beyond the scope of the study. A comprehensive
degradation study on PLGA (50:50) and (85:15) revealed that complete degradation of the PLGA
(50:50) occurred after 102 days, whereas only about 60% of the PLGA (85:15) degraded within the same
period [37]. Therefore, we simply discuss the weight percentage of PLGA (based on the 85:15 ratio)
for its long-term degradation process and chose the best group as the control group in this study.
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An oxide-passive layer on the Mg-disk led to a coarse surface until the second PLGA layer was
deposited on it to fill the cracks (Figure 2), yet this passive layer prevented the initial hydrogen
evolution from the ZK60 surface and prevented the acid degradation products of the PLGA layer from
penetrating directly into the ZK60 substrate. This phenomenon explains why the NaOH passive layer
is vital to make PLGA layer more completed and concrete on the coated surface. Although dip-coating
might not be ideal for stent coating due to the complicated geometry, this technique can be simply
conducted and qualifies for further bench testing, such as cytocompatibility and immersion test.

Many studies have investigated the use of phenolic molecules to regulate endothelialization
based on their specific properties on SMCs and ECs [28,29]. These applications not only prevent
the over-growth of SMCs from invading the EC wall but also assist in the formation of a uniform
endothelial layer in the vascular system. Further, the goal of drug elution changed from anti-immunity
to anti-proliferation since sirolimus (SR) replaced paclitaxel (PTX) as the main drug system for
drug-eluting stent [38]. We believe our sandwiched GA concept can bring a novel direction to apply
small-molecule on eluting stent instead of traditional SR or PTX. In this paper, the healing process can
be nearly completed in 48 h, so a four-day viability test is consistent with the endothelial cell healing
process (Figures 6 and 8). Endothelial cells are unique in their growth pattern, preferring to grow in flat
structures, so the extreme growth rate without an appropriate dynamic environment, a laminar blood
flow, tends to cause apoptosis in limited living space [39,40]. Nevertheless, the opposite behavior
between ECs and SMCs in this study suggests that the PLGA films promoted the proliferation of
SMCs, while sandwich coating notably delayed them with similar behavior to that of the control group.
Many recent clinical trials have revealed that polymer-based stents [18] do not mitigate late-stent
restenosis, the SMC migration results may explain the deficiencies related to the use of polymers and
offer a possible solution.

The anti-inflammatory effect is another concern related to cardiovascular stents. Phenolic
molecules exhibit extraordinary, inherent anti-oxidative abilities, thus helping to scavenge reactive
oxygen species and protect vascular tissue. In addition, free radical scavenging decreases oxidants and
inhibits the atherogenesis initiated by oxidation of LDL. These antioxidant mechanisms prevent late
myocardial infarction and in-stent restenosis after PCI. Although the drug delivery strategy is beyond
the scope of our study, the interaction of free-radical capture and the GA delivery trend are what we
are interested in. Recently, a free radical scavenging analysis completed by DPPH was conducted to
evaluate the antioxidant capacity of the stent platform [34]. Phenolic molecules, such as ECGC and
TA [28–31], have been discussed in similar studies, yet the GA application under PLGA eluting stents
has not been sufficiently investigated. In our previous study, a phenolic-modified ceramic coating on
ZK60 was proven to be efficient on osteo-like cell activity [12]. Due to its ability to capture free radicals
and cell selectivity, GA can potentially be applied in the modified polymer coating. However, the GA
content is hard to characterize in the host because of the circulation system, which is also correlated to
the cell tolerance and apoptosis occurring in a static environment.

Under the limitations of a coating strategy for the complicated geometry of stents and the in vivo
environment, only the surface modification and the interaction of materials and cells can be discussed
within our scope. To optimize the scale of this research, other coating techniques, such as spray coating,
and the in vivo environment will be discussed in the near future.

5. Conclusions

PLGA dip-coatings with gallic acid (GA) were prepared on a ZK60 surface in a sandwiched-layer
structure. The a close-packed sandwiched layer showed enhanced corrosion resistance and a
homogeneous film surface. An in vitro assay demonstrated that the sandwich coating behaved
selectively with bioactivity on ECs, significant suppression of SMC over-proliferation, anti-hemolysis
ability, and anti-oxidation effects compared to PLGA. This simple technique with a sandwiched-layer
structure is a promising surface treatment for a commercialized stent platform for treating atherosclerosis
and preventing late-stent restenosis.
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Abstract: A series of new films with antibacterial properties has been obtained by means of solvent
casting method. Biodegradable materials including polylactide (PLA), quercetin (Q) acting as an
antibacterial compound and polyethylene glycol (PEG) acting as a plasticizer have been used in the
process. The effect of quercetin as well as the amount of PEG on the structural, thermal, mechanical
and antibacterial properties of the obtained materials has been determined. It was found that an
addition of quercetin significantly influences thermal stability. It should be stressed that samples
containing the studied flavonoid are characterized by a higher Young modulus and elongation at
break than materials consisting only of PLA and PEG. Moreover, the introduction of 1% of quercetin
grants antibacterial properties to the new materials. Recorded results showed that the amount
of plasticizer did not influence the antibacterial properties; it does, however, cause changes in
physicochemical properties of the obtained materials. These results prove that quercetin could be
used as an antibacterial compound and simultaneously improve mechanical and thermal properties
of polylactide-based films.

Keywords: polylactide; quercetin; antibacterial properties; food packaging

1. Introduction

In recent years, polymers have become one of the most common materials used for
packaging, replacing materials such as glass, metal, paper and wood. It is estimated that
about 40% of industrial packaging and about 50% of consumables packaging is made of
polymers. Such a large interest in plastics as packaging materials is due to their many
beneficial properties, such as low permeability and high mechanical strength [1–3].

Packaging materials, in particular those intended for food, have to meet a significant
number of requirements. Most of all they have to ensure effective protection of the product
against harmful factors (such as oxygen, UV radiation, moisture, bacteria and fungi) during
food transport, storage and shelf life. For this reason materials with an additional function
of so called active packaging are becoming more popular. The most popular include
polymers modified with various substances characterized by such properties as absorption
of moisture, oxygen or carbon dioxide. The group of active agents being introduced into
the polymer matrix also includes substances with biocidal properties. The main benefit of
using food packaging materials with antibacterial properties is the extension of products’
shelf life and protection against bacteria and fungi, which can be hazardous to human
health [2,4–6].
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Currently, materials utilized in the production of packaging consist mainly of polyethy-
lene, poly(ethylene terephthalate), polypropylene, poly(vinyl chloride) and polystyrene.
Unfortunately, the use of polymer materials leads to the accumulation of huge amounts of
waste that are harmful to the natural environment. This is due to their high durability and
inherent resistance to biodegradation. Plastic waste accounts for about 30% of the weight
of all the waste in the world. The growing problem of waste has recently resulted in an
increased popularity and interest in biodegradable polymers. It seems to be very likely
that in the immediate future they may completely replace traditional polymer materials.
One of the polymers that will in all probability become an alternative to the currently
used polymers of petrochemical origin is polylactide (PLA) [7,8]. It has to be stressed that
polylactide is an aliphatic biodegradable polyester that can be obtained from renewable
raw materials of plant origin [9]. The most popular materials used in an aim to manufacture
lactic acid include corn, rice, barley, wheat or cassava [10].

In order to obtain antibacterial packaging materials based on polylactide, different
compounds such as nanosilver, nisin, polyhexamethylene guanidine derivatives, cinna-
mon or tea tree essential oil [11–16] have been used. Among different active substances,
flavonoids constitute a group of very interesting compounds characterized by varied
antibacterial properties.

Molecular structure of flavonoids is characterized by two aromatic rings, which
are connected by a three-carbon bridge. In the group of flavonoids we can distinguish:
flavones, isoflavones, flavonols, flavanones, flavanols and anthocyanins. Flavonoids can,
for example, be found in leaves, flowers, plant seeds, fruit (e.g., in citrus fruits, blueberries,
berries, grapes, chokeberry), vegetables (e.g., in peppers, onions, tomatoes, broccoli) and
in coffee and cocoa beans. It has to be noted that they possess many beneficial properties.
They are characterized by anti-inflammatory, antiviral, antiatherosclerosis, antiallergic
and anti-cancer properties. In addition, they perform a protective function, for instance
deterring insects and inhibiting fungi, a common hazard to plants in which flavonoids can
be found. The presence of these compounds also hinders the adverse effects of ultraviolet
radiation [17–19].

One of the most popular flavonoids is quercetin—3,3′,4′,5,7-pentahydroxylflavone
(Figure 1). It can be found in many types of fruit, vegetables, leaves, seeds and grains.
Quercetin is also present in medicinal botanicals, including Ginkgo biloba and in vari-
eties of honey from different plant sources. Recently scientists focused on its biological
and antioxidative characteristics [20–23]. Moreover, it should also be mentioned that the
flavonoid in question was used in the formulation of packaging films consisting mainly
of ethylene-vinyl alcohol copolymer (EVOH) [24]. It was also scrutinized as an antioxi-
dant and environmentally-friendly colored indicator of ageing time in a topas cyclo-olefin
copolymer (ethylene-norbornene) [25]. Additional research devoted to the possible applica-
tions of quercetin has been described in the work of Kost et al. [26], where the fibers based
on polylactide and β-cyclodextrin loaded with quercetin were used as dressing materials
characterized with antibacterial properties. Other possible applications of the quercetin
have been presented in the work of Hao et al. [27], where quercetin was encapsulated using
chitosan-coated nanoliposomes.
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In the present work polylactide-based films with an addition of poly(ethylene glycol)
acting as a plasticizer and quercetin used as a biocidal agent are suggested as new antibac-
terial packaging materials. Taking into account the properties of quercetin-infused PLA
films, it has to be stressed that they present an enormous potential for application in the
food industry.

2. Materials and Methods

2.1. Materials

Polylactide, type 2002D with melt flow rate 5–7 g/10 min (2.16 kg; 190 ◦C), with
average molecular weight of 155,500 Da and content of monomeric units D and L equal
to 3.5% and 96.5%, respectively was delivered in the form of pellets by Nature Works®

(Minnetonka, MN, USA). Quercetin, an antibacterial compound, was purchased from
Sigma-Aldrich (Steinheim, Germany). Poly(ethylene glycol) with an average molecular
weight of 1500 (Sigma-Aldrich, Steinheim, Germany) was applied as the plasticizing agent.
Acetone and chloroform were purchased from Avantor Performance Materials Poland S.A.
(Gliwice, Poland).

In an aim to analyze antibacterial properties of the obtained materials, two bacte-
rial reference strains were used in the study: Escherichia coli (ATCC 8739) and Staphy-
lococcus aureus (ATCC 6538P) (Microbiologics®, St. Cloud, MN, USA). Moreover, an
agar medium containing a composition [g/L]: tryptone peptone—15, phyton peptone—5,
sodium chloride—5, agar—agar—15 was acquired from Oxoid (Hampshire, UK).

2.2. Formation of PLA-Based Films

In aim to obtain all of the PLA-based films, the solvent evaporation technique were
applied. In the first stage, 1.5 g of pure and dry polylactide was dissolved in 35 mL of
chloroform by vigorous mixing at room temperature. In the second stage, an appropriate
amount of PEG (5% or 10% w/w of PLA, 0.075 g or 0.15 g of PEG, respectively) was added.
Quercetin was dissolved in 15 mL of acetone and the mixture was then introduced into
the solution containing PLA and PEG. The resulting solutions were cast onto clean glass
plates, 145 mm in diameter and dried at ambient temperature for 48 h. Designations and
compositions of the obtained materials are presented in Table 1.

Table 1. Compositions of the obtained materials (L-polylactide; P-PEG, Q-quercetin).

Sample Quercetin Content 1 [wt.%] PEG Content 1 [wt.%]

LP5 - 5
LP10 - 10

LP5Q1 1 5
LP10Q1 1 10
LP5Q2 2 5

LP10Q2 2 10
1 Relative to PLA mass.

2.3. Fourier Transform Infrared Analysis Analysis

The Fourier transform infrared analysis of all studied materials was performed by
means of a Nicolet iS10 (Thermo Fisher Scientific, Waltham, MA, USA). The spectra were
recorded in the frequency range of 500–4000 cm−1 at a resolution of 4 cm−1 and scanned
64 times. The spectrum of quercetin in KBr disc form was obtained in the same condi-
tions. All spectra were analyzed using the OMNIC 7.0 software (Thermo Fisher Scientific,
Waltham, MA, USA).

2.4. Scanning Electron Microscopy (SEM)

Changes in the structure of the PLA-based films caused by an addition of PEG and
quercetin were analyzed using a scanning electron microscope (Quanta 3D FEG, FEI
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Company, Hillsboro, OR, USA). In an aim to obtain high quality images, the samples were
covered with a thin layer of gold. Images of all samples were taken at 5000×magnification.

2.5. Atomic Force Microscopy (AFM)

The surface pictures of the PLA-based films were obtained by means of an AFM
microscope with a scanning probe of the NanoScope MultiMode type (Veeco Metrology,
Inc., Santa Barbara, CA, USA). Analyses were performed in the tapping mode, in air,
at room temperature. Using a scan area of 5 × 5 µm and Nanoscope software (Veeco
Metrology, Inc. Santa Barbara, CA, USA), the roughness parameters such as the root mean
square (Rq) and arithmetical mean deviation of the assessed profile (Ra) were calculated.

2.6. Thermogravimetric Analysis

Thermogravimetric (TG) analyses of the PLA films with an addition of PEG and
quercetin were performed on Simultaneous TGA-DTA Thermal Analysis type SDT 2960
(TA Instruments, London, UK). All measurements were carried out at a heating rate of
10 ◦C/min under air flow from room temperature to 600 ◦C.

2.7. Differential Scanning Calorimetry Method

Thermal analyses were carried out on DSC (Polymer Laboratories, Epsom, UK).
Experiments were performed under nitrogen screening. The thermal response in the
obtained materials was investigated at the temperatures ranging from 25 ◦C to 180 ◦C
(1st heating cycle) and with a heating rate of 10 ◦C/min. The PL5 software version
v5.40 (Polymer Laboratories, Epsom, UK) was applied in an aim to establish the detailed
information extracted from the DSC data. The degree of crystallinity (Xm) was established
by applying the following Equation (1) [28,29]:

Xm =
∆Hm

∆H0·XPLA
·100% (1)

where ∆Hm is the measured heat of fusion of sample, ∆H0 is the heat of fusion of a 100%
crystalline polylactide and ∆H0 = 109 mJ/mg, XPLA is the mass fraction of polylactide.

2.8. Mechanical Properties

The mechanical properties of the PLA-based films with and without an addition of
quercetin were analyzed by means of the Instron 1193 machine (Instron Corp., Canton, OH,
USA) test according to the PN-EN ISO 527-1, -3 standard [30,31]. The crosshead speed was
20 mm/min with an applied 100 N force. In the case of each type of the studied materials,
at least five samples were analyzed. The obtained results allowed to establish the Young’s
modulus (E), elongation at break (ε) and tensile stress (σm).

2.9. Transparency

Transparency of the obtained materials was established based on the method presented
in work of [32]. Absorbance of the polymeric films with and without quercetin at 600 nm
(A600) was measured by means of UV spectrophotometer (Ruili Analytical Instrument
Company, Beijing, China). The analysed films were placed directly in a spectrophotometer
test cell while an empty cell was used as the blank. The transparency (T) of the obtained
materials was calculated according to the following Equation (2):

T =
A600

d
[
mm−1], (2)

where d is the film thickness [mm]. It should be noted that a higher transparency value is
equivalent to lower transparency.
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2.10. Colour Measurement

The changes in the color of the obtained films caused by the introduction of quercetin
and PEG were studied by means of a MICRO-COLOR II LCM 6 (Dr Lange, Berlin, Germany)
colorimeter. The CIE L*a*b* system was applied in aim to calculate the colour difference
(∆E) of materials. The following Equations (3) and (4) were used in order to establish the
total values of ∆E and color intensity (C), respectively.

∆E =

√
(L− L∗)2 + (a− a∗)2 + (b− b∗)2, (3)

C =

√
(a∗)2 + (b∗)2, (4)

where L is the component describing lightness, a represents the colors ranging from green
(−a) to red (+a), while b represents a parameter change from blue (−b). The color of the
control film (in this case a LP5 film), was expressed as L* (lightness), a∗ (redness/greenness)
and b∗ (yellowness/blueness) values [14]. In an attempt to obtain reliable data at least
five measurements were performed for each of the samples, then average values were
calculated. Moreover, based on the obtained results yellowness index (YI) was established
using the Equation (5) described in the work of Pathare et al. [33]:

YI =
142.86·b∗

L∗
. (5)

2.11. Analysis of Antibacterial Properties

Antibacterial properties were determined according to the ISO 20645:2006 standard:
“Flat textile products. Determination of antibacterial activity. Diffusion method on an agar
plate” [34]. Agar medium consisting of [g/L]: tryptone peptone—15, phyton peptone—5,
sodium chloride—5, agar—agar—15 was poured onto each petri dish and allowed to gel.
The medium was then infused with a bacterial culture at a concentration of 1.5 × 108 cfu/mL
(0.5 McFarlanda). Centrally tested samples and control samples in the shape of a circle
with a diameter of 25 ± 5 mm (four replicates) were placed on the dishes prepared in this
way. Plates were incubated for 20 h at 37 ± 1 ◦C. After the end of the incubation time, the
presence or absence of zones inhibiting the growth of microorganisms was determined.
The width of the braking zone (H), i.e., the zone without bacteria near the edge of the
sample, was calculated using the following Formula (6):

H = D− d
2

[mm], (6)

where:
H—braking zone width [mm],
D—total diameter of the working sample and width of the braking zone [mm],
d—diameter of the working sample [mm].
Stereoscopic microscope SZX 12 (Olympus, Tokyo, Japan) was used in an aim to estab-

lish the size of inhibition zones of bacterial growth as well as the extent of microorganism
proliferation in contact of the studied films with agar. The appearance of agar plates after
the studied materials had been removed was recorded by means of a SCAN® 1200 colony
counter (Interscience, Saint-Nom-la-Bretèche, France). The scale shown in Table 2 was used
to assess the potency of antibacterial properties.
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Table 2. Antibacterial effect of antibacterial treatment (ISO 20645, 2006) [34].

Braking Zone [mm]
the Average Value of Rise Growth (a) Description Rating

>1 Lack Inhibition zone above 1,
no increase (b)

Good effect
0–1 Lack Growth inhibition zone up to 1,

no growth (b)

0 Lack No braking zone, no increase (c)

0 Weak
Lack of braking zones, only some

colonies limited growth almost
completely stopped (d) Limited effect

0 Average No braking zone, height reduced
to half compared to control (e)

0 Strong

Lack of braking zones, the
absence of a reduction in growth
compared to the control, or only a

slight reduction in growth

Insufficient effect

(a) Bacterial growth on the medium under the working sample. (b) The dynamometer range should only be partially taken into account in
the calculations. An increase in the braking zone may be due to excess of active substance or unevenness of the substance in the article.
(c) Lack of growth with a simultaneous lack of braking zone can be considered a good effect. A braking zone may not be possible due to
limited diffusion. (d) “Almost as good as lack of growth”—an indication of limited efficiency. (e) Limited bacterial growth density means
both the number of colonies and the diameter of the colonies.

3. Results and Discussion

3.1. FTIR Analysis

FTIR spectroscopy was used in an aim to establish the structure of the obtained
materials with an addition of quercetin and different amounts of PEG. The FTIR spectrum
of quercetin is shown in Figure 2, where the bands of characteristic groups can be observed.
According to the literature [35,36] particular bands were assigned to the characteristic
groups present in the quercetin structure. A broad band with the maximum at 3127 cm−1

belongs to the hydroxyl groups (phenolic -O-H stretching). The band at 1653 cm−1 indicates
the presence of stretching vibrations of the -C=O group, while the bands at 1614 cm−1,
1567 cm−1 and 1513 cm−1 belong to the C=C stretching bonds in the aromatic rings of
quercetin [36,37]. In the spectrum of the neat quercetin an intense band at 1401 cm−1 is
visible and can be ascribed to deformation vibrations of -OH groups. Additionally, in the
discussed spectral bands, the maximum values of 1316 cm−1 and 1247 cm−1 correspond
to the deformation vibrations of the -C-OH group. Other vibrations at 1167 cm−1 and
1092 cm−1 can be assigned to the anti-symmetrical and symmetrical stretching vibration of
the -C-O-C group. The band observed at 997 cm−1 indicates the deformation vibrations
of the -OH group, while the band at 933 cm−1 relates to the stretching vibrations of the
-C-O. Other characteristic bands in the range between 884 cm−1 and 808 cm−1 correspond
to the deformative vibrations of the -CH groups [35,37]. In Figures 3 and 4, the spectra of
the materials consisting of PLA, PEG with or without addition of quercetin are depicted.
The chemical structure of polylactide films is well known. It was also described in our
previous publications [38]. Based on our study, it can be clearly seen that the bands at
3657 cm−1 and 3502 cm−1 correspond to -OH groups at the end of PLA chains. Absorption
bands at 2996 cm−1 and 2947 cm−1 belong to the symmetrical and asymmetrical stretching
vibrations of the -CH3 group, while the band at 1763 cm−1 relates to the characteristic -C=O
carbonyl group. Moreover, symmetrical stretching vibrations of -C-O-C were recorded at
1207 cm−1 and at 1127 cm−1. The bands describing the stretching vibration of C-COO and
the deformation vibration of CO can be seen at 873 cm−1 and 756 cm−1.
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In the case of films based on PLA and PEG the typical vibrations caused by the -CH2
group at 2878 cm−1 can be observed. Moreover, a peak at 3446 cm−1 for poly(ethylene
glycol), which corresponds to the terminal hydroxyl group, has been recognized. Further-
more, it can be clearly noticed that the intensity of the band at 2878 cm−1 increases with
the increase in the amount of PEG.

Introduction of quercetin into the PLA-PEG systems reveals a broad band at 3300 cm−1

which can be assigned to the -OH groups present in the structure of quercetin. Moreover,
new bans at 1655 cm−1, 1615 cm−1 and 1600 cm−1 corresponding respectively to stretching
vibrations of the -C=O group and the C=C stretching bonds in the aromatic rings have been
recognized. It has to be stressed that the intensities of the described new bands increased
with the quantity of quercetin in the obtained films [37].

The spectra of the studied films after the addition of quercetin present certain changes
in the intensity of bands at 915 cm−1 and 955 cm−1 belong to the amorphous and crystalline
phases of PLA, respectively [39,40]. Increase in intensity of band at 915 cm−1 indicates that
quercetin influences the crystallinity of the obtained materials.

3.2. SEM and AFM Analyses

Topography and surface morphology constitute factors which are taken into account
when the potential application of materials is discussed. They are extremely important in
the case of polymeric films used as food packaging as well as films with medical appli-
cations. In the present work we focused on the PLA-based materials with an addition of
quercetin and poly(ethylene glycol). Obtained materials were characterized by antibac-
terial properties. In order to analyze their surface morphology atomic force microscopy
and scanning electron microscopy were applied. The SEM images presented in Figure 5
reveal that samples of polylactide with an addition of 5 wt.% or 10 wt.% of poly(ethylene
glycol), which plays the role of a plasticizer, were characterized by a smooth and flat
surface, without any cracks or fissures. The same observation was made in the work of
Jasim Ahmed at al. [41] where PLA-based films with an addition of 20 wt.% of PEG were
studied. In the mentioned work, SEM photographs depicted good dispersion of PEG
into the polylactide matrix, indicating that the obtained materials form homogeneous
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blends. Incorporation of quercetin into the PLA-PEG blends significantly influences the
morphology of the obtained polymeric films It has to be taken into account, however, that
the surfaces of films with a higher amount of PEG (10 wt.%) are characterized by larger
convexities and deeper concavities of various shapes, evenly distributed throughout the
surface in comparison with materials containing 5 wt.% of plasticizer.
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In an aim to establish the size and roughness of the studied surface, the AFM technique
was applied. It is well known that roughness constitutes one of the factors which can
significantly affect the antibacterial properties of the obtained materials. In Figure 6, three
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dimensional pictures of surfaces of PLA-based films are presented. It can be observed
that the size of cavities formed on the surface of the obtained polymeric films containing
quercetin, with an addition of 10 wt.% of PEG, are significantly enlarged. The diameter
of the cavities in the case of LP5Q1 and LP5Q2 samples equaled 1.9 µm and 2.0 µm,
respectively, while in the case of LP10Q1 and LP10Q2 materials the fissures measured
2.5 µm and 2.8 µm. Based on the presented images (Figure 6), the minimum depth of the
formed cavities was also calculated. In the case of materials containing 5 wt.% of PEG
(LP5Q1 and LP5Q2) the values of cavities’ depth equaled 57 nm and 75 nm, while in the
case of films with an addition of 10 wt.% of the plasticizer (LP10Q1 and LP10Q2) the depth
of cavities increased to an extent of 60 nm and 80 nm, respectively. The results presented
above confirm that the diameter of the formed fissures increases with the increase in the
amount of PEG, while the depth of observed cavities increases with the increase in the
amount of quercetin.
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Based on the obtained results the roughness parameters such as Rq (mean square
deviation of surface roughness), Ra values (mean arithmetic deviation of the profile from
the mean line) and Rmax (maximum distance between the highest and lowest point of the
recorded image) have been discussed (Table 3) [16].
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Table 3. Roughness parameters of PLA and PLA-based films with and addition of quercetin and
poly(ethylene glycol).

Sample Rq [nm] Ra [nm] Rmax [nm]

LP5 1.4 ± 0.1 1.0 ± 0.1 10.5 ± 0.5
LP10 3.8 ± 0.2 3.1 ± 0.2 23.1 ± 1.1

LP5Q1 32.2 ± 0.5 22.0 ± 0.4 232.0 ± 2.0
LP5Q2 34.1 ± 0.6 26.8 ± 0.5 237.0 ± 2.0

LP10Q1 69.5 ± 1.2 51.4 ± 1.0 344.0 ± 4.0
LP10Q2 71.9 ± 1.4 55.40 ± 1.0 364.0 ± 7.0

It needs to be stressed that the values of all of the analyzed roughness parameters
significantly depend on the amount of PEG. Obtained results suggest a dependence be-
tween the increase of the amount of PEG and the roughness parameters discussed above
which are characterized by significantly higher values. Taking into account the amount of
quercetin used, values of Ra, Rq and Rmax reveal that the same tendency as in the case of
PEG. The introduction of 2 wt.% of quercetin, however, leads only to a slight increase in
the values of roughness parameters in comparison with the change of values caused by
the plasticizer.

3.3. Determination of Thermal Properties of Polylactide-Based Materials

In an aim to determine the effect of different amounts of plasticizer and quercetin on
thermal stability of polylactide-based films, thermogravimetric analysis was conducted.
Based on the obtained results, thermogravimetric (TG) curves for the samples LP5, LP5Q1,
LP5Q2 are shown in Figure 7, while the TG curves relating to the samples LP10, LP10Q1
and LP10Q2 are depicted in Figure 8.

Materials 2021, 14, x FOR PEER REVIEW 11 of 22 
 

 

Based on the obtained results the roughness parameters such as Rq (mean square de-

viation of surface roughness), Ra values (mean arithmetic deviation of the profile from the 

mean line) and Rmax (maximum distance between the highest and lowest point of the rec-

orded image) have been discussed (Table 3) [16]. 

Table 3. Roughness parameters of PLA and PLA-based films with and addition of quercetin and 

poly(ethylene glycol). 

Sample Rq [nm] Ra [nm] Rmax [nm] 

LP5 1.4 ± 0.1 1.0 ± 0.1 10.5 ± 0.5 

LP10 3.8 ± 0.2 3.1 ± 0.2 23.1 ± 1.1 

LP5Q1 32.2 ± 0.5 22.0 ± 0.4 232.0 ± 2.0 

LP5Q2 34.1 ± 0.6 26.8 ± 0.5 237.0 ± 2.0 

LP10Q1 69.5 ± 1.2 51.4 ± 1.0 344.0 ± 4.0 

LP10Q2 71.9 ± 1.4 55.40 ± 1.0 364.0 ± 7.0 

It needs to be stressed that the values of all of the analyzed roughness parameters 

significantly depend on the amount of PEG. Obtained results suggest a dependence be-

tween the increase of the amount of PEG and the roughness parameters discussed above 

which are characterized by significantly higher values. Taking into account the amount of 

quercetin used, values of Ra, Rq and Rmax reveal that the same tendency as in the case of 

PEG. The introduction of 2 wt.% of quercetin, however, leads only to a slight increase in 

the values of roughness parameters in comparison with the change of values caused by 

the plasticizer. 

3.3. Determination of Thermal Properties of Polylactide-Based Materials 

In an aim to determine the effect of different amounts of plasticizer and quercetin on 

thermal stability of polylactide-based films, thermogravimetric analysis was conducted. 

Based on the obtained results, thermogravimetric (TG) curves for the samples LP5, LP5Q1, 

LP5Q2 are shown in Figure 7, while the TG curves relating to the samples LP10, LP10Q1 

and LP10Q2 are depicted in Figure 8. 

 

Figure 7. Thermogravimetric curves for polylactide-based materials with 5 wt.% of PEG. Figure 7. Thermogravimetric curves for polylactide-based materials with 5 wt.% of PEG.

27



Materials 2021, 14, 1643
Materials 2021, 14, x FOR PEER REVIEW 12 of 22 
 

 

 

Figure 8. Thermogravimetric curves for polylactide-based materials with 10 wt.% of PEG. 

It was previously discussed that the plasticizer as well as the biocidal agent can sig-

nificantly affect the thermal stability of the polylactide-based films [16]. In the prevailing 

number of publications the temperatures at 5% mass loss are analyzed. In the work of 

Rhim et al. [42] and Tarach at al. [16], however, it was indicated that in the case of these 

types of materials, the mass loss of about 5% of the initial mass is connected with the 

evaporation of the solvent residue. As a result, the values of temperatures at 10%, 30% 

and 50% mass loss of all studied materials (signified as T10%, T30% and T50%, respec-

tively) were selected and presented in Table 4. Taking into account the amount of the 

plasticizer used, it can be observed that with an increase in the amount of PEG the thermal 

stability of the PLA-PEG samples decreases. According to the work of Phaechamud [43], 

as well as Pielichowski [44], the observed reduction in thermal stability is the result of 

PEG decomposition, which occurs at a significantly lower temperature compared to pol-

ylactide. 

Table 4. TG data for obtained materials with and without addition of quercetin. 

Samples 
Temperature (°C) at Mass Loss 

10% 30% 50% 

LP5 289.5 ± 0.4 340.1 ± 1.5 353.7 ± 1.5 

LP10 287.2 ± 0.5 335.6 ± 1.3 350.9 ± 1.4 

LP5Q1 322.6 ± 0.7 347.9 ± 1.0 358.5 ± 1.4 

LP5Q2 329.8 ± 1.2 348.3 ± 1.0 358.3 ± 1.6 

LP10Q1 320.0 ± 1.2 340.8 ± 1.3 352.4 ± 1.7 

LP10Q2 325.5 ± 1.1 345.1 ± 1.3 356.1 ± 1.7 

The incorporation of quercetin into the materials consisting of PLA and PEG, con-

tributed to an increase in thermal stability of the obtained films. In thermograms pre-

sented in Figures 7 and 8 relating to the materials with the addition of 5 wt.% of PEG and 

10 wt.% of plasticizer, respectively, a significant increase in thermal stability with the in-

crease in an amount of biocidal agent can be observed. In the case of samples LP5Q1 and 

LP5Q2, the temperature for a 10% mass loss, compared to the LP5 sample, increased by 

33.1 °C and 40.3 °C, respectively. The same tendency was observed in the case of samples 

based on PLA with 10 wt.% of PEG and containing quercetin. The 10% loss of mass in 

Figure 8. Thermogravimetric curves for polylactide-based materials with 10 wt.% of PEG.

It was previously discussed that the plasticizer as well as the biocidal agent can
significantly affect the thermal stability of the polylactide-based films [16]. In the prevailing
number of publications the temperatures at 5% mass loss are analyzed. In the work of
Rhim et al. [42] and Tarach at al. [16], however, it was indicated that in the case of these
types of materials, the mass loss of about 5% of the initial mass is connected with the
evaporation of the solvent residue. As a result, the values of temperatures at 10%, 30% and
50% mass loss of all studied materials (signified as T10%, T30% and T50%, respectively)
were selected and presented in Table 4. Taking into account the amount of the plasticizer
used, it can be observed that with an increase in the amount of PEG the thermal stability
of the PLA-PEG samples decreases. According to the work of Phaechamud [43], as well
as Pielichowski [44], the observed reduction in thermal stability is the result of PEG
decomposition, which occurs at a significantly lower temperature compared to polylactide.

Table 4. TG data for obtained materials with and without addition of quercetin.

Samples
Temperature (◦C) at Mass Loss

10% 30% 50%

LP5 289.5 ± 0.4 340.1 ± 1.5 353.7 ± 1.5
LP10 287.2 ± 0.5 335.6 ± 1.3 350.9 ± 1.4

LP5Q1 322.6 ± 0.7 347.9 ± 1.0 358.5 ± 1.4
LP5Q2 329.8 ± 1.2 348.3 ± 1.0 358.3 ± 1.6

LP10Q1 320.0 ± 1.2 340.8 ± 1.3 352.4 ± 1.7
LP10Q2 325.5 ± 1.1 345.1 ± 1.3 356.1 ± 1.7

The incorporation of quercetin into the materials consisting of PLA and PEG, con-
tributed to an increase in thermal stability of the obtained films. In thermograms presented
in Figures 7 and 8 relating to the materials with the addition of 5 wt.% of PEG and 10 wt.%
of plasticizer, respectively, a significant increase in thermal stability with the increase in an
amount of biocidal agent can be observed. In the case of samples LP5Q1 and LP5Q2, the
temperature for a 10% mass loss, compared to the LP5 sample, increased by 33.1 ◦C and
40.3 ◦C, respectively. The same tendency was observed in the case of samples based on PLA
with 10 wt.% of PEG and containing quercetin. The 10% loss of mass in films containing
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10 wt.% of PEG and modified with 1 and 2 wt.% of quercetin occurred at the temperature
32.8 ◦C and 38.3 ◦C higher than in the case of the PL10 material. The obtained results
indicate that the most significant changes in thermal stability of the obtained materials
can be observed after the addition of 1 wt.% of quercetin. The abovementioned results
reveal that after incorporation of 2 wt.% of biocidal agent into the PL5 as well as the PL10
systems, the values of T10%, T30% and T50% also increase. The changes between 1 wt.%
and 2 wt.% of quercetin, however, are not as significant as after addition of 1 wt.% of
quercetin. It should be mentioned that an improvement of thermal stability of the obtained
materials after the addition of quercetin was also observed in the work of Samper et al. [45].
In the mentioned work an addition of 0.25 wt.% of quercetin resulted in a remarkably
higher stability of polypropylene (PP) in comparison with non-stabilized PP. According to
the literature [37,45] this phenomenon can be attributed to the structure of the phenolic
compound used in the procedure, especially to the number of hydroxyl groups. Moreover,
it has been proved that in the case of quercetin there is an optimum amount which provides
the best thermal stability. Further introduction of this substance beyond the optimum
point does not provide additional benefits in terms of structural stabilization. Summa-
rizing, based on the analysis of the above mentioned data (Table 4, Figures 7 and 8), it is
reasonable to assume that the incorporation of quercetin significantly influences thermal
stability of obtained materials. Obtained results are consistent with the data presented by
the researchers mentioned above.

In order to determine changes in thermal parameters of the studied materials, caused
by the addition of a plasticizer and quercetin, differential scanning calorimetry has been
carried out (Figures 9 and 10).
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The obtained parameters of the glass transition temperature (Tg), crystallization
temperature (Tc), crystallization enthalpy (∆Hc), melting point (Tm), melting enthalpy
(∆Hm) and the calculated values of the crystallization degree (χ) were presented in Table 5.

Table 5. DSC parameters for the all studied PLA-based materials.

Sample Tg [◦C] Tc [◦C] ∆Hc [J/g] Tm [◦C] ∆Hm [J/g] χm [%]

LP5 54.6 ± 0.2 101.4 ± 0.5 18.4 ± 0.3 146.8/153.4 ± 0.2/0.4 24.1 ± 0.4 23.3
LP5Q1 54.5 ± 0.2 112.4 ± 0.7 16.1 ± 0.1 153.8 ± 0.2 22.0 ± 0.4 21.5
LP5Q2 58.6 ± 0.4 119.6 ± 0.8 15.4 ± 0.1 152.3 ± 0.2 21.0 ± 0.3 19.7
LP10 49.5 ± 0.1 95.5 ± 0.5 17.9 ± 0.2 153.5 ± 0.3 26.6 ± 0.5 27.1

LP10Q1 54.0 ± 0.2 106.5 ± 0.6 15.0 ± 0.2 146.2/152.6 ± 0.2/0.3 24.8 ± 0.4 25.6
LP10Q2 54.8 ± 0.2 108.9 ± 0.6 12.8 ± 0.1 146.7/152.8 ± 0.3/0.3 16.6 ± 0.2 17.3

Obtaining a homogeneous blend consisting of PLA and PEG depends to a large extent
on the molecular mass of PEG. Information available in literature [46,47] indicates that
blends of PLA with PEG1500 separate when the content of poly(ethylene glycol) exceeds
20 wt.%. For this reason it is reasonable to assume, that the obtained films present a
homogeneous structure.

Based on the obtained results it can be seen that the increase in the amount of PEG
causes a significant decrease in the glass transition temperature as well as crystalliza-
tion temperature values. It was established by Piórkowska et al. [48] that the plasticizer
molecules in the form of PEG significantly increase the free volume of the mixture, conse-
quently allowing cooperative movements of macromolecules and, for this reason, decreas-
ing the Tg value. Simultaneously, plasticization of PLA by means of PEG intensifies the
crystallization of PLA and in this way lowers its Tc. Moreover, with the increase in PEG
load, higher values of melting enthalpy and degree of crystallinity can be observed. The
introduction of quercetin into the PLA-PEG systems results in an opposite effect. It has to
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be stressed that the presence of quercetin leads to a shift in glass transition temperature
and crystallization temperature to higher values. Simultaneously, it can be observed that
the values of both enthalpies, crystallization and melting, increase with the rise in the
quercetin content. Furthermore, it should be noted, that quercetin has a profound impact
on the degree of crystallinity. The direct correlation between the amount of quercetin and
the degree of crystallinity of the obtained materials is apparent. This finding is consistent
with the FTIR results, where the intensity of the band assigned to the crystalline phase
decreases with the increase in quercetin content in the PLA-based films.

Moreover, the tests reveal that in the case of materials containing 10% wt of PEG,
incorporation of quercetin causes the formation of different crystalline PLA forms. This
phenomenon was widely described by Tabi et al. [49]. The formation of two crystalline
forms is not observed in the case of polymeric films consisting of PLA, 5% PEG and
quercetin, which is well worth noting.

3.4. Evaluation of Mechanical Properties

It is a commonly recognized fact that mechanical properties of packaging materials are
extremely important [16]. In order to establish the impact different amounts of plasticizer
and biocidal agent in form of quercetin have on the mechanical properties, the Young’s
modulus (E), tensile strength (σm) and elongation at break (ε) were determined. The values
of Young’s modulus and tensile strength, are shown in Figure 11a,b, respectively. In the
case of a sample with a higher PEG content (LP10) a significant decrease of the Young’s
modulus and tensile strength in comparison with LP5 sample has been observed. These
observations are consistent with results obtained by other researches [50,51] in relation to
similar composition. During the study it has been established that the decrease in tensile
strength, as well in Young’s modulus values, can be attributed to poor stress transfer
between the PLA and PEG phases [52]. An introduction of quercetin into polylactide-PEG
systems significantly improves the properties indicated above. The PLA-PEG samples
containing 1 as well as 2 wt.% of quercetin was characterized by a remarkable reinforcement
of their structure. The highest values of mechanical properties were obtained in relation to
the LP5Q2 sample. The value of Young’s modulus for this material was about 2060 MPa
while the maximum tensile strength reached about 32 MPa. The elongation at break (ε)
values are presented in Figure 11c.

It can be clearly seen that an increase in the elasticity is correlated with the increase
in the PEG content. It is well known that this phenomenon is related to reduction of
intermolecular friction between the polymer molecules caused by the plasticizer molecules.
The addition of quercetin allowed obtaining films with higher values of elasticity compared
to the LP5 and LP10 samples. The highest value of the elongation at break was recorded
for LP10 filled with 2.0 wt.% of quercetin. Moreover, it has to be stressed that in the case
of the LP10Q2 sample the values of Young’s modulus and elongation at breaking point
are twice as high as for the LP10 material. Taking into account the obtained results the
plasticizing effect of quercetin could potentially seem surprising. The same tendency,
however, was reported in literature [53,54]. In the work of Luzi et al. [55] it was established
that an improvement of the mechanical properties can be related to the inter-molecular
interactions between hydrophilic groups of the polymer matrix and the polyhydroxyl
groups of quercetin. In the work of K. Rubini et al. [53], where the influence of quercetin on
the mechanical properties of gelatin-based films was evaluated, the values of the Young’s
modulus, the stress at break and the deformation at break increased significantly up to a
point in which the flavonoid concentration of 1.5 wt.% was achieved. This limitation was
caused by the non-homogeneous distribution of quercetin in gelatin. The susceptibility
to deformation was also observed in the work of M. Latos-Brozio and A. Masek [54]
where mechanical properties of PLA impregnated with quercetin and other substances of
plant origin were discussed. Based on the obtained results and indicated literature, it is
reasonable to assume that an incorporation of quercetin into the PLA matrix leads to an
increase in mechanical properties of the obtained polymeric films.
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3.5. Thickness and Transparency of Studied Materials

The values of thickness and transparency were established based on the absorbance
measurements and presented in Table 6. The obtained results indicate that an increase
in the amount of PEG significantly increases the thickness of LP10 film in comparison
with the LP5 sample. These findings are consistent with the results presented in literature.
Anuar et al. [56] have established that an introduction of PEG into the polylactide matrix
caused a diffusion of the plasticizer between the PLA chains. As a result, an increase of
free volume between polylactide chains as well as an increase of thickness can be observed.
Incorporation of quercetin into the PLA-PEG systems slightly decreases the thickness of the
obtained materials, which is quite unexpected. In most cases, the introduction of different
types of substances, such as essential oils, into the polymer matrix results in an increase of
material thickness [16,57,58]. In the case of quercetin the opposite effect has been observed.
Presumably, this can be connected to the interactions between –COOH groups of PLA and
-OH of quercetin.
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Table 6. Thickness and transparency values of studied materials.

Sample Thickness [mm] T [mm−1]

LP5 0.071 ± 0.002 0.76 ± 0.1
LP10 0.086 ± 0.002 1.54 ± 0.1

LP5Q1 0.065 ± 0.003 3.34 ± 0.1
LP5Q2 0.066 ± 0.001 6.04 ± 0.1

LP10Q1 0.070 ± 0.004 3.92 ± 0.1
LP10Q2 0.080 ± 0.004 6.58 ± 0.2

Taking into account the results presented in Table 6, it was established that an addition
of 10 wt.% of poly(ethylene glycol) significantly decreases the transparency in compar-
ison with a polymeric film containing 5 wt.% of PEG. Observations indicated that the
transparency of the LP5 films is twice as high as that of LP10. This is consistent with
literature [58], where in the case of materials containing 20 wt.% of poly(ethylene glycol),
the transparency value of the PLA-PEG system achieved a value of 2.63. Thus, it can be
assumed the transparency of blends consisting of PLA and PEG significantly depends on
the composition. An introduction of 1 wt.% as well as 2 wt.% of yellow quercetin signifi-
cantly decreases transparency of the obtained materials. It should be stressed, however,
that the decrease in transparency of films infused with the same amount of quercetin
(LP5Q1, LP10Q1 as well as LP5Q2 and LP10Q2) has similar values regardless of the poly-
mer compositions (LP5 and LP10). This phenomenon clearly indicates that in the case of
studied materials transparency is mainly related to the amount of used quercetin rather
than the applied PLA-PEG system. The obtained results suggest that polymeric films
containing quercetin can be used as packaging materials, especially for products which
are light sensitive. Summarizing, the application of materials consisting of PLA, PEG and
quercetin will not allow for discoloration of products, loss of flavor or nutrients.

3.6. Differences in Colour of Studied Materials

In order to improve the product’s appearance, which significantly influences the
consumer’s decision-making process in terms of purchase, the packaging materials are
mixed with compounds which are able to change their color. In this paper the color of
the polymeric films based on PLA with an addition of poly(ethylene glycol) as plasticizer
and quercetin as antibacterial agent was analyzed. The values of measured parameters
L, a, b and the calculated parameters such as total color difference (∆E), chroma (C) and
yellowness index (YI) are listed in Table 7.

Table 7. Color (L, a, b, ∆E, C, YI) parameters of obtained PLA-based materials.

Sample L a b ∆E C YI

LP5 91.7 ± 0.1 1.5 ± 0.1 −11.6 ± 0.2 − 11.7 ± 0.2 −18.1 ± 0.2
LP10 91.5 ± 0.1 1.5 ± 0.1 −12.5 ± 0.3 0.9 ± 0.2 12.6 ± 0.2 −19.5 ± 0.4

LP5Q1 89.5 ± 0.2 −5.0 ± 0.1 13.4 ± 0.2 25.9 ± 0.4 14.3 ± 0.3 21.4 ± 0.5
LP5Q2 88.2 ± 0.3 −8.9± 0.2 18.4 ± 0.5 31.9 ± 0.4 20.4 ± 0.7 29.8 ± 0.8

LP10Q1 89.2 ± 0.1 −6.6 ± 0.4 14.9 ± 0.3 27.8 ± 0.3 16.3 ± 0.7 23.9 ± 0.3
LP10Q2 87.9 ± 0.2 −8.6 ± 0.3 20.2 ± 0.4 33.6 ± 0.2 22.0 ± 0.5 32.8 ± 0.8

In the case of samples consisting of PLA and PEG, the color difference equals 0.9
and proves that an addition of a higher amount of plasticizer does not influence the color
changes. According to literature [33] the values of ∆E lower than 3 indicate that only an
experienced observer is able to notice the difference in color of the studied materials. The
changes in color, however, were observed in the case of films comprising quercetin. The
changes in color of the obtained materials were not intentional and were most likely caused
by an addition of a yellow—quercetin which significantly influenced the appearance of the
samples. It can be clearly seen that with an increasing amount of quercetin the PLA-based
films seem to be darker. Moreover, the color shifts to yellow upon increasing the amount
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of quercetin. The most significant color changes are observed after introducing 2 wt.% of
an antibacterial agent into the LP5 and PL10 systems. In the case of the LP5Q2 sample ∆E
equaled 31.9, while for the LP10Q2 film ∆E equaled 33.6. The same tendency was observed
in the case of topas cyclo-olefin copolymer (ethylene-norbornene) with an addition of
quercetin described in the work of A. Masek et al. [25].

The second color parameter analyzed in this work was chroma (C) which is strongly
connected with colorfulness. It has to be stressed that the higher the chroma values, the
higher is the color intensity of the analyzed materials indicated by observers [33]. It is
not surprising, that in the case of obtained materials with an addition of quercetin the
chroma value significantly increased. This phenomenon is connected with the yellow
color which is assigned to the conjugation in the B-ring cinnamoyl system and is typical of
flavonoids [59]. Similar observations can be made in the case of the yellowness index (YI)
values. Significant differences in b and, as a result, in C, ∆E and YI values were established
between samples with and without quercetin. Summarizing, the addition of quercetin into
PLA-PEG systems significantly influences the color parameters of the obtained materials.

3.7. Examination of Antibacterial Properties

It is a widely recognized fact that improving the antibacterial properties of biodegrad-
able packaging materials prevents the development of food-damaging pathogens and
significantly reduces the volume of plastic waste, by providing extended shelf life. In
order to ensure antibacterial properties of packaging materials, different compounds are
introduced into the polymer matrix. Depending on the type of active additive, they can
be divided into chemoactive and bioactive substances. The most chemoactive ingredients
include iron, titanium and zinc. The characteristic feature of the compounds mentioned
above is reactivity with oxygen. It should be stressed, however, that all of them can affect
the chemical composition of the product as well as the interior environment of the package.
In addition, they can cause adverse health effects and hinder the recycling process. The
indisputable disadvantages of chemoactive compounds lead to a more extensive applica-
tion of bioactive additives derived from natural sources, such as polyphenols, essential
oils and other natural extracts [15–17]. These substances play an important role in active
packaging. As antioxidants, they allow to reduce production costs and eliminate the risk
related to food safety. In the present work, the disk-diffusion method was applied in order
to establish the capacity to combat microorganisms characterizing the obtained materials
imbued with quercetin. In Table 8 the results of antibacterial properties are presented. In
the case of the LP5 and LP10 films assigned as control samples, the inhibition of S. Aureus
and E. coli growth was not observed.

Table 8. Results of antibacterial activity of the obtained PLA-based materials.

Sample

Diameter of Inhibition Zones of
Bacteria Growth [mm]

Bacteria Growth in Direct
Contact with Sample

Evaluation of
Antibacterial Effect 1

S. aureus E. coli S. aureus E. coli S. aureus E. coli

LP5 0 0 Medium Medium Insufficient Insufficient
LP10 0 0 Medium Medium Insufficient Insufficient

LP5Q1 0 0 Lack Weak Good Good
LP5Q2 1 0 Lack Lack Good Good

LP10Q1 0 0 Lack Weak Good Limited
LP10Q2 4 1 Lack Lack Good Good

1 in accordance with ISO 20645:2006 standard.

The same tendency was observed in literature [58,60]. Introduction of quercetin into
the PLA-PEG systems significantly changed the antibacterial properties of the obtained
materials (Figures S1 and S2). Moreover, it was established that quercetin creates a more
significant obstacle for the microorganisms in the case of materials containing a higher
amount of plasticizer (LP10Q2) (Figure 12). It is, therefore, reasonable to assume that the
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mentioned above beneficial change resulted from an increase of free volume between PLA
chains caused by PEG. The effect of poly(ethylene glycol) on the antibacterial properties
was also evaluated in our previous publication [16].
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In literature [61,62] quercetin is considered to be a biocidal agent. Ohemeng et al. [63]
have established that quercetin is able to inhibit the E. coli DNA gyrase. Plaper et al. [64]
showed that quercetin forms a bond with the GyrB subunit of E. coli DNA gyrase. Moreover,
additional antibacterial mechanisms, triggered by quercetin, resulted in destabilizing of
bacterial membrane functions were described by Mirzoeva et al. [65]. It should be stressed
that the reported antibacterial activity of materials containing quercetin is consistent with
the data published by Kost et al. [26]. Recent studies as well as the obtained results
clearly indicate that quercetin has the potential to combat bacteria and for this reason
the incorporation of quercetin contributed to an increase in antibacterial capacity of the
obtained materials.

4. Conclusions

In summary, the influence of quercetin on the physico-chemical and antibacterial
properties of PLA based materials was examined. Quercetin was introduced into two
polymer systems consisting of polylactide and poly(ethylene glycol) (5 and 10 wt.%, respec-
tively). The obtained materials containing quercetin were characterized by a significant
improvement in thermal and mechanical properties. Simultaneously, it was also proved
that the observed changes are a result of the inter-molecular interactions between hy-
drophilic groups of polylactide and poly(ethylene glycol) with the polyhydroxyl groups
of quercetin. Moreover, it should be stressed that the introduction of quercetin allows
obtaining antibacterial polymeric films. Furthermore, it can be clearly noticed that the
yellow color of quercetin influences the change in the color and transparency of the studied
materials. The films consisting of PLA, PEG and quercetin constitute promising bactericidal
materials which can be applied as packaging materials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14071643/s1, Figure S1: Photos of Bacteria (E. coli and S. aureus) growth in direct contact
with samples containing 5% wt. of PEG, Figure S2: Photos of Bacteria (E. coli and S. aureus) growth in
direct contact with samples containing 10% wt. of PEG.
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Lwowska 1 Street, 87-100 Toruń, Poland; a.richert@umk.pl
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Abstract: The aim of the study was to establish the influence of poly(ethylene glycol) (PEG) on the
properties of potential biodegradable packaging materials with antibacterial properties, based on
polylactide (PLA) and tea tree essential oil (TTO). The obtained polymeric films consisted of PLA,
a natural biocide, and tea tree essential oil (5–20 wt. %) was prepared with or without an addition
of 5 wt. % PEG. The PLA-based materials have been tested, taking into account their morphology,
and their thermal, mechanical and antibacterial properties against Staphylococcus aureus and
Escherichia coli. It was established that the introduction of a plasticizer into the PLA–TTO systems
leads to an increase in tensile strength, resistance to deformation, as well an increased thermal stability,
in comparison to films modified using only TTO. The incorporation of 5 wt. % PEG in the PLA
solution containing 5 wt. % TTO allowed us to obtain a material exhibiting a satisfactory antibacterial
effect on both groups of representative bacteria. The presented results indicated a beneficial effect of
PEG on the antibacterial and functional properties of materials with the addition of TTO.

Keywords: polylactide; tea tree essential oil; poly(ethylene glycol); packaging material; antibacterial films

1. Introduction

The proliferation of bacteria contributes to the spread of diseases, as well as food spoilage [1,2].
This group of microorganisms includes mainly strains such as Bacillus cereus, Listeria monocytogenes,
Salmonella typhimurium and Staphylococcus aureus [3,4]. Due to the possibility of the undesirable contact
of microorganisms with food, effective and safe methods of combating pathogenic bacteria are being
sought [5]. For this reason, the food industry is still looking for new, innovative solutions to combat
microorganisms’ proliferation in packaged products, and to extend their shelf-life [6].

The manufacturing of packaging with antibacterial properties relies on the direct incorporation
of biologically active substances into the polymer matrix [7]. In particular, the application of natural
antibacterial agents for this purpose is noteworthy [8]. Essential oils (EO) are natural, microbiologically
active substances with an extensive spectrum of activity [9]. Due to the acceptance of PLA and EO by
the American Food and Drug Administration as “Generally Recognized As Safe GRAS”, a significant

39



Materials 2020, 13, 4953

development of studies of materials based on the above-mentioned compounds has taken place [10].
Ahmed et al. in their works described the results of detailed research devoted to films based on
polylactide (PLA) with the addition of cinnamon oil [11,12]. The application of other essential oils,
such as clove [4,13], garlic [9,12], as well as lemongrass, rosemary and bergamot essential oil [14],
allowed the obtaining of PLA-based materials displaying antibacterial properties.

Tea tree oil (TTO) belongs to the group of essential oils exhibiting bactericidal properties. It is
obtained during the distillation of Melaleuca alternifolia leaves [15]. TTO contains a mixture of terpenes
(monoterpenes and sesquiterpenes) and their associated tertiary alcohols [16]. This essential oil is
characterized by the capacity to inhibit the development of various microorganisms. As a result,
it can be applied to effectively combat different types of respiratory and oral cavity infections, as well
as skin diseases, and supports wound healing [5]. It should be stressed that TTO also exhibits
anti-inflammatory, antiviral, antioxidant, antiseptic and antifungal properties [10]. The antibacterial
potential of tea tree essential oil is mainly related to the presence of terpinen-4-ol and 1,8-cineole [8].
The other components of TTO synergistically intensify the antibacterial effect of individual compounds
in the mixture, and ensure the low probability of bacterial resistance to the biocide in question [4].
The mechanism of combating microorganisms with tea tree essential oil is not yet fully understood.
It is, however, known that TTO strongly interacts with the bacterial cell membrane and disrupts its vital
functions [5]. The effectiveness of TTO has contributed to the extensive application of this substance
in the cosmetics and pharmaceutical industries, as well as in medicine [16]. Moreover, publications
devoted to the incorporation of TTO into the polymer matrix indicate the possibility of obtaining
materials with satisfactory antibacterial properties [8,17,18]. It is noteworthy that PLA-based films
with the addition of TTO have not been described in the literature so far.

Plasticizers are often used in order to increase the elasticity of polymer films [12].
Poly(ethylene glycol), poly(propylene glycol), lactic acid, and other polymers miscible with PLA
count among the most common substances used to plasticize polylactide [9]. PEG is widely used,
in particular due to its biodegradability. There are several works describing the characteristics of
PLA-based materials with the addition of various essential oils [14], or PLA/PEG blends modified with
these biocides [12,19]. Nevertheless, the influence of the plasticizer on the properties of a neat PLA
film, as well as on PLA materials modified with tea tree essential oil, has not been studied yet.

The conducted research includes the development of new potential packaging films based on
PLA and TTO, both with and without the addition of PEG as a plasticizer. The obtained films were
characterized in terms of structure, as well as their antibacterial, mechanical and thermal properties.
The novelty of the study was in determining the effect of the plasticizer on the functional properties,
and the antibacterial effects against the Staphylococcus aureus and Escherichia coli strains, of PLA-based
films modified with tea tree essential oil.

2. Materials and Methods

2.1. Materials

Polylactide (PLA) 2002D type (NatureWorks®, Minnetonka, MN, USA) with a melt flow rate of
5–7 g 10 min−1 (2.16 kg; 190 ◦C) and a density of 1.24 g cm−3 in the form of pellets was used to prepare
polymer solutions. Tea tree essential oil (TTO) obtained from the leaves of Melaleuca alternifolia was
purchased from Sigma-Aldrich Ltd., Poland. Poly(ethylene glycol) (PEG) with Mw = 1 500 g mol−1

(Sigma-Aldrich Ltd., Poznan, Poland) was used as a plasticizer. Chloroform (manufactured by
Chempur, Piekary Śląskie, Poland) was used as a solvent.

2.2. Preparation of Films

The examined films were prepared using the solvent-casting method. For this purpose,
polylactide pellets were dissolved in chloroform in an attempt to obtain a 3% (w/v) polymer solution.
Subsequently 5 wt. %, 10 wt. % or 20 wt. % tea tree essential oil was added to the PLA solution (relative to
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the weight of polylactide used). In total, 5 wt. % PEG was introduced into the solutions to prepare
plasticized PLA-based films. In order to obtain PLA-based materials, 50 mL of the prepared mixture
was poured onto glass Petri dishes (14.5 cm in diameter) and left for 3 days to form a polymer film.

The film marked as L consists of neat polylactide. The PLA-based material containing 5 wt. %
PEG was named as LP. The LTx symbol indicates samples modified only with tea tree essential oil
(where x denotes the content of the biocide in relation to the mass of polylactide used to form a
particular sample). Films with the addition of both PEG and 5 wt. %, 10 wt. % or 20 wt. % TTO were
designated as LPT05, LPT10 and LPT20, respectively.

2.3. Methods of Analysis

2.3.1. Scanning Electron Microscopy

The morphology of the PLA-based films was studied by means of the Quanta 3D FEG scanning
electron microscope (SEM, FEI Company, Hillsboro, OR, USA). Photographs of the topography of the
samples were taken using the SE detector in 10,000-fold magnification. Before each of the analyses,
the surfaces of the studied materials were sprayed with a layer of gold.

2.3.2. Atomic Force Microscopy

The roughness analyses of the obtained PLA materials, modified with TTO or TTO with a PEG
addition, employed an atomic force microscope (AFM, NanoScope MultiMode, Veeco Metrology,
Inc., Santa Barbara, CA, USA). Surface images of the studied films were obtained using an AFM
microscope with an SPM scanning probe of the NanoScope MultiMode type (Veeco Metrology, Inc.
Santa Barbara, CA, USA) in tapping mode. All analyses were conducted in air, at room temperature.
Roughness parameters were calculated by applying the Nanoscope software for sample areas measuring
5 µm × 5 µm.

2.3.3. Thermogravimetry

Analyses of thermal stability of the PLA-based films were carried out by means of a Simultaneous
TGA-DTA thermal analyzer of the SDT 2960 type (TA Instruments, London, UK) in the range of room
temperature to 600 ◦C. All measurements were performed at a heating rate of 10 ◦C/min in an air stream.

2.3.4. Differential Scanning Calorimetry

The thermal properties (temperatures and enthalpy changes of individual phase transitions) of
the studied materials were determined using a differential scanning calorimeter (Polymer Laboratories
Ltd., Epsom, UK). Measurements were taken in the range of 30 to 180 ◦C, with a heating rate of
10 ◦C/min under nitrogen. On the basis of the obtained data, the degree of crystallinity (Xc) of the
PLA-based materials was also calculated according to the following Formula (1):

Xc =
∆HPLA

m − ∆HPLA
c

∆Ho·XPLA
·100% (1)

where ∆HPLA
m is a change of melting enthalpy, ∆HPLA

c is a change of enthalpy of cold crystallization,
and XPLA was marked as the mass fraction of polylactide in the tested sample. ∆Ho indicates the
change of melting enthalpy of 100% crystalline PLA, the value of which, according to Sosnowski’s
work [20], was predetermined as 109 J/g.

2.3.5. Uniaxial Tensile Test

The examination of the mechanical properties of the obtained PLA-based films was performed
using the Intron 1193 machine in accordance with the ISO 527-1:2020 [21] and ISO 527-3:2019 [22]
standards. Paddle-shaped samples were stretched at a speed of 0.50 cm/min by means of the crosshead
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with an applied 50 N force. At least five measurements were made in the case of each of the studied
films. Based on obtained data, the value percentage of the elongation at break and tensile strength
were determined. The values of the Young’s modulus were calculated from the rectilinear region of the
registered curve during the stretching of samples.

2.3.6. Thickness and Transparency of Studied Materials

The thickness of the obtained materials was established as the average of five measurements
performed using an Absolute Digimatic Indicator, Sylvac S229 Swiss (Yverdon, Switzerland), with a
precision of 0.001 mm. In order to determine the transparency of the PLA-based films, transmittance
at 600 nm (T600) was measured by means of a UV spectrophotometer (Ruili Analytical Instrument
Company, Beijing, China). The samples were cut into rectangles and placed in a spectrophotometer
test cell. An empty cuvette was used as the blank. The transparency value (TV) of the PLA-based
materials was calculated according to Equation (2) presented in the work of Arfat [19]:

TV =
−logT600

x
(2)

where x is the film thickness (mm). Moreover, it should be stressed that a higher transparency value
(TV) indicates the lower transparency of the studied materials.

2.3.7. Evaluation of Antibacterial Activity

In order to evaluate the antibacterial properties of the PLA-based films with an addition of TTO
or TTO and a plasticizer, a disk-diffusion method was applied in accordance with the ISO 20645:2006
standard [23]. Agar plates were inoculated with representative strains of Staphylococcus aureus
(ATCC 6538P) or Escherichia coli (ATCC 8739), and a bacteria concentration of 1.5 × 108 CFU/mL.
Samples with a diameter of 25 ± 5 mm were placed onto an inoculated agar and incubated for 20 h at
37 ± 1 ◦C.

The size of the inhibition zones of bacterial growth, as well as the degree of microorganism
proliferation in the direct contact between the studied films and agar, were examined using an Olympus
SZX 12 stereoscopic microscope. Photographs of the examined materials were taken using an ARTRAY
camera (ARTCAM 300MI model) in a 60-fold magnification mode. The appearances of the samples
and agar plates after the investigated films had been removed was recorded by means of a SCAN®

1200 colony counter (Interscience, Saint-Nom-la-Bretèche, France).

3. Results and Discussion

3.1. Assessment of Film Morphology

The morphology of the PLA-based films was studied by means of scanning electron microscopy
(Figure 1). The material consisting entirely of polylactide was characterized by a homogeneous and
smooth surface. The PLA-based films with an addition of tea tree essential oil had cavities and holes
which formed an irregular surface, similar to materials with an addition of oregano essential oil,
as described in Javidi’s work [24]. The materials described by Javidi et al., however, exhibited a
less uniform structure than the PLA-TTO films. This can be attributed to the difference between the
content and the extent of volatility displayed by TTO and the essential oil used in the mentioned
work [24]. Moreover, PLA-based materials modified with tea tree essential oil had significantly fewer
pores in their surface compared to the films based on gelatin with an addition of clove essential oil,
as characterized by Ejaz [13]. The size as well as the number of pores on the surface of the obtained
materials increased with the rise in the amount of TTO introduced into the PLA matrix (Figure 1).
The factor which significantly affected the morphology of the films consisting of polylactide and tea tree
essential oil was the partial volatilization of the biocide during the formation of the studied materials.
Moreover, changes in the external structures of the PLA films modified only with TTO also resulted
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from the presence of the biocide droplets embedded between polymer chains. This mentioned effect
was described in Qin’s work [14] devoted to the formation of materials based on PLA and bergamot,
lemongrass, rosemary and clove essential oils.

Figure 1. Structure of plasticized or unplasticized films based on polylactide (PLA) with the addition
of different concentrations of TTO (magnification 10,000×).
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On the other hand, the incorporation of the plasticizer into a neat PLA results in only a slight
irregularity of the film surface (LP sample Figure 1). This is related to the phase separation of the
PLA–PEG mixture during chloroform evaporation and the formation of small aggregates of plasticizer
inside the polylactide matrix [25]. SEM photographs of the plasticized materials, based on polylactide
with the addition of TTO, reveal convexities associated with the presence of PEG, which does not
uniformly blend with PLA [26]. Moreover, in the cases of samples consisting of PLA, PEG and TTO
pores were not formed while the materials were being dried. Based on the obtained results, it can
be assumed that a reduction in the interactions between the PLA chains and PEG caused by the
introduced molecules of TTO allows for preventing the flocculation and coalescence of essential oil
during the formation of films. The magnitude of interactions between TTO and PLA plays a crucial role
during the evaporation of the organic solvent [24]. For this reason, an insufficiently strong interaction
between molecules of the essential oil and the polymer leads to the phase separation of this mixture.
Therefore, it is justified to assume that the PLA and TTO mixtures without the addition of PEG during
evaporation of chloroform may undergo the processes characteristic of two-phase dispersion systems,
despite the solubility of the polymer and the essential oil in the mentioned solvent [8]. In order to
confirm the occurrence of the flocculation, coalescence and creaming phenomena during the drying of
the PLA-based films modified solely with TTO, SEM analyses of the cross-sections of all the tested
materials were carried out (Figure 2).

Figure 2. Cross-sections of films PLA modified with (A) 5%, (B) 10%, (C) 20% and (D) 50% TTO.

In the cases of films without the addition of PEG containing from 5% to 20% TTO, a compact
structure of films was observed without the presence of pores in the materials. This leads to the
conclusion that due to the high volatility of the incorporated biocidal substance, the migration
of droplets of essential oil onto the surfaces of the materials did not result in the formation of a
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discontinuous structure. In order to verify that the creaming of the PLA–TTO mixtures containing
higher amounts of biocidal substance during their drying had taken place, a PLA-based film with
an addition of 50 wt. % tea tree essential oil was also imaged. Studies of that sample showed both
the coalescence and the creaming of biocide droplets inside the PLA matrix during the evaporation
of the solvent (Figure 2) [18,27]. These observations indicate the necessity of using essential oils in
an amount less than 50%, in order to avoid the premature release of some volatile biocides from the
polylactide film.

3.2. Examination of Surface Topography of PLA-Based Films

The capacity of materials to combat the proliferation of bacteria on their surface results from the
presence of biologically active substances [28]. Moreover, in the case of packaging films, the effectiveness
of the biocides introduced into the polymer matrix is affected by the structure of these materials—mainly
by the actual surface of direct contact with the bacteria cells. In order to assess the roughness of
the polymer, the film analyses carried out using AFM microscopy are extremely valuable [29].
Figure 3 depicts the values of the Ra (mean arithmetic deviation of the profile from the mean line),
Rq (mean square deviation of surface roughness) and Rmax (maximum distance between the highest
and lowest points of the recorded image) parameters for the studied samples. The recorded AFM
images indicate that due to the incorporation of tea tree essential oil into the PLA matrix, the surfaces
of the films became more porous in comparison to the smooth surface of the control sample (pure PLA
(Figure 3)). Taking into account the scales given in the presented results of microscopic analysis,
the cavities captured on the cross-sections had sizes varying between about 0.10 µm and 0.25 µm
(Figure 3). These pores were significantly smaller compared to the holes on the surfaces of films
modified only with essential oil, observed in SEM photographs, whose sizes ranged between about
0.7 µm and 1.0 µm (Figure 1). The regularity of the surfaces of films with the addition of TTO slightly
deteriorated as a result of the incorporation of the biocidal substance into the polymer matrix, which is
indicated by the increase in the Ra roughness parameter from 1.16 µm to 1.74 µm for samples L and
LT20, respectively (Figure 3).

Nevertheless, the Rq values presented in Figure 3 lead to the conclusion that the micro- and
nano-holes are evenly spread on the film surface regardless of the amount of incorporated biocide.
The values of the Rmax parameter confirm that the cavities on the surface of the tested materials
are of correspondingly larger size with the increase in the TTO content of the samples (Figure 3).
This parameter, in the cases of the neat PLA film and the material with 20% TTO, equaled 14.30 nm
and 41.10 nm, respectively. Similar observations of the increase in the roughness of films as a result of
the addition of essential oil were made in works devoted to the modification of chitosan with clove
essential oil [30] and Carum copticum essential oil [31]. Based on the works of Atarés [32], Javidi [24]
and Reyes-Chaparro [30], however, it can be stated that the pores in the external layer of films modified
with TTO appeared as a result of the occurrence of the phenomena of the coalescence and creaming of
droplets of essential oil inside the polylactide matrix. PLA-based films with the addition of PEG and
with or without TTO were also subjected to the AFM analysis.

The fact that the roughness of the film surface consisting of polylactide and poly(ethylene glycol)
was greater than the irregularity of the neat polymer sample due to the presence of plasticizer aggregates
results from the separation of the PLA and PEG phases [25] (Figure 3). The AFM analysis of the
plasticized materials with the addition of tea tree essential oil showed that they had a rougher surface
compared to the polylactide and poly(ethylene glycol) film. In addition, the films containing PEG and
TTO had pores on the surface similar in size to the pores on the surface of PLA samples modified with
TTO (Figure 3). The number of cavities observed in these materials, however, was significantly lower
compared to the PLA-TTO systems (Figure 3). Based on the obtained results, it can be concluded that
the decrease in the strength of interactions between polylactide chains, caused by the plasticizer applied
in the process, impedes the flocculation and coalescence of TTO droplets in the polylactide solution.
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Figure 3. Roughness of PLA-based films ((a) 3D imaging and (b) cross-sections).

3.3. Determination of Thermal Properties of PLA-Based Films

The incorporation of both a biocidal substance as well as plasticizer can undoubtedly affect the
thermal stability of polymer materials. For this reason, in order to establish the influence of introduced
additives on the thermal stability of obtained films, all samples were subjected to thermogravimetric
analysis. The temperatures at 5%, 10% and 50% mass loss of all investigated materials (signified as
T5%, T10% and T50%, respectively) were listed in Table 1.
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Table 1. Thermal properties of PLA-based materials.

Sample T5%
(◦C)

T10%
(◦C)

T50%
(◦C)

TPLA
g

(◦C)
TPLA

c
(◦C)

∆HPLA
c

(J/g)
TPLA

m
(◦C)

∆HPLA
m

(J/g)
XPLA

c
(%)

L 273.2 308.7 342.9 56.5 124.4 −12.9 154.1 16.8 3.5
LT05 151.5 296.3 353.9 - 84.0 −11.6 153.3 23.7 11.6
LT10 140.9 307.3 355.2 - 75.8 −10.2 150.9 21.3 11.2
LT20 140.9 251.3 356.7 - 73.6 −9.3 151.3 18.8 10.5
LP 257.2 288.2 338.8 54.9 110.6 −23.0 149.0/154.8 23.6 0.6

LPT05 240.9 292.4 352.8 - 100.6 −23.2 145.0/153.1 24.9 1.6
LPT10 199.5 270.1 352.3 - 98.8 −22.3 144.3/152.1 23.7 1.4
LPT20 185.7 247.3 352.3 - 97.9 −21.9 140.5/150.4 23.0 1.2

T5%, T10%, T50%—temperatures at 5%, 10%, and 50% mass loss. TPLA
g , TPLA

c , TPLA
m —glass transition, cold crystallization

and melting temperatures. ∆HPLA
c , ∆HPLA

m —enthalpy of cold crystallization and melting processes. XPLA
c —degree

of crystallinity.

The comparison of the thermograms of materials consisting of PLA and PLA with an addition of
PEG is shown in Figure 4a.

Figure 4. TG curves of (a) unplasticized and plasticized PLA film, (b) PLA films modified only with
TTO and (c) PLA based materials with PEG and TTO addition.

The thermal degradation of these films took place in two stages [33]. In the range of the lower
temperatures (100 ◦C–250 ◦C) for L and LP films, there was a comparable mass loss of the sample
of about 4.5% of the initial mass. According to the work of Rhim et al. [34], this can be attributed
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to the evaporation of chloroform residue from the polymer matrix. Nevertheless, the mass of the L
sample decreased more significantly in the mentioned temperature range compared to the PLA sample
with the addition of the plasticizer. According to the work of Byun [35], the results could suggest a
stronger interaction of polylactide chains with volatile substances (including chloroform) after the
plasticization of PLA The second stage of the thermal degradation of the PLA film (L) involved the
decomposition of polylactide chains. The incorporation of the plasticizer into PLA contributed to a
decrease in thermal stability of this material compared to the sample consisting only of polylactide.
This occurred as a result of PEG decomposition, which takes place at a much lower temperature than
PLA [36]. A reduction in the value of the thermal degradation temperature and a gradual decrease in
mass of the PLA sample with the addition of PEG at a temperature below 250 ◦C was also observed by
Phaechamud [33].

In Figure 4b,c, thermograms for the PLA–TTO and PLA–PEG–TTO systems have been presented,
respectively. The decomposition of samples modified only with biocide also occurred in two stages,
as in the case of materials without the addition of a biocidal substance (Figure 4b). The loss of mass
in films modified with TTO at 250 ◦C ranged from 8.2% in the LT5 film to 9.9% in the LT20 film.
The described values of mass loss are higher in comparison to the control film (L), whose mass loss
at the mentioned temperature was 5.2%. The registered percentage difference in the decrease of film
mass resulted from the presence of essential oil in the PLA matrix.

The incorporation of the plasticizer into the polylactide matrix containing TTO led to a smaller
and less violent decrease in the value of T5% compared to films modified only with essential oil.
The addition of PEG into the studied materials promoted the loosening of the PLA chains and resulted
in the gradual release of volatile substances from the polymer matrix. A regular increase in mass loss
can be observed on the thermograms of these films, depending on the increase in the amount of the
biocidal substance in particular samples (Figure 4c).

In order to determine the influence of an individual additive on the temperatures and energy
effects of the phase transitions of PLA in the obtained films, analyses were carried out using differential
scanning calorimetry. The values of thermal properties obtained during studies are listed in Table 1.
In the case of a neat PLA sample, the glass transition (TPLA

g ), cold crystallization (TPLA
c ) and melting

(TPLA
m ) temperatures reached values equaling 56.5 ◦C, 124.4 ◦C and 154.1 ◦C, respectively (Table 1).

The introduction of tea tree essential oil into the polylactide matrix leads to a significant shift
in TPLA

g to lower values (Figure S1). Moreover, the values of the cold crystallization temperature
of polylactide in the PLA–TTO films also decreased. Simultaneously, the crystallinity of materials
increased with the rise in the content of biocidal substance (Table 1). The above-mentioned phenomena
occur due to the presence of the essential oil within the polylactide matrix, as well as the interactions
of the polymer with chloroform residues [35]. It should be noted that Qin [14] and Javidi [24] stated
that the addition of an essential oil increases the mobility of polylactide chains and leads to their
reorganization. On the other hand, according to Byun [35], the presence of chloroform molecules
between PLA chains provides conditions preferential for the crystallization of the polymer to take
place. Moreover, it should be stressed that the addition of only TTO improved the polymer chain’s
movements, facilitating the formation of the crystal structure. The addition of PEG with TTO in all
likelihood influenced (increased) the distance between the macromolecules of PLA; for this reason,
further increases in Xc were not observed.

Taking into account the samples consisting of PLA, TTO and PEG, it was observed that the
incorporation of 5 wt. % PEG into the PLA film reduced the temperatures of all phase transitions
(Table 1). It should be stressed that for all the samples containing a plasticizer in the form of PEG,
a bimodal peak of melting was observed. This result can be associated with the formation of two
crystal forms, as indicated in Tábi’s work [37]. The phenomenon occurred most likely as a result
of a localized effect of the plasticizer. In the case of the three-component materials, a significant
decrease in the temperatures of phase transition (TPLA

c and TPLA
m ) was observed compared to the LP

results obtained in relation to the samples. Similar observations of a reduction in TPLA
c and TPLA

m were
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made by Arfat et al. [19] during studies on PLA/PEG films with an addition of clove essential oil.
Moreover, the interactions between the chains of PLA, PEG and TTO ingredients allowed us to obtain
materials characterized by a low degree of crystallinity compared to samples modified only by means
of tea tree essential oil (Table 1).

3.4. Evaluation of Mechanical Properties

Due to the potential application of PLA-based materials in packaging, the analysis of the mechanical
properties of films is extremely important [14]. The performed studies of the obtained materials
resulted in determining such parameters as the Young’s modulus (E), the tensile strength (σm), and the
percentage relative elongation at break (εb). Values obtained in relation to the above-mentioned
parameters have been presented in Figure 5.

Figure 5. Comparison of mechanical properties of PLA based films.

The PLA sample was characterized by high rigidity and resistance to deformation. The value of
the Young’s modulus for this film was about 1835.3 MPa, while the maximum stress resistance reached
35.6 ± 0.4 MPa (Figure 5). Due to the brittleness of this material during static stretching, the sample
broke at 8.3 ± 0.5% relative elongation. As indicated in other works [25,38], the incorporation of a
plasticizer into PLA is intended to increase the flexibility of the obtained materials. According to this
statement, an increase in the elasticity of the LP sample, and a simultaneous decrease in the E and σm

compared to the pure PLA film, were observed.
With regard to the results described by Qin [14] and Javidi [24], the susceptibility to deformation

increased with the incorporation of essential oil into the polylactide matrix. The film with an addition
of 20 wt. % tea tree essential oil, however, had a higher tensile strength compared to other materials
modified only with the biocide without the plasticizer. In addition, the samples containing a biocidal
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substance showed the highest εb out of all of the obtained films based on polylactide. The plasticizing
effect of essential oil is responsible for the increase in the flexibility of the PLA-based materials,
which was described in the literature [14,24].The addition of PEG to a PLA solution containing TTO
allowed for the obtaining of materials with higher values of Young’s modulus and tensile strength
compared to the samples modified with one of the additives (PEG or TTO) (Figure 5).

3.5. Thickness and Transparency of Studied PLA-Based Materials

Table 2 depicts the values of thickness as well as transparency, calculated based on the transmittance
measurements. In relation to the obtained results, it was established that an addition of essential oil
increases the thickness of PLA-based films with respect to the pure PLA film. The same tendency was
observed after introducing PEG. The molecules of essential oil and PEG can diffuse between polymer
chains and increase the free volume between them, as indicated in the work of Anuar et al. [39]. For this
reason, the thickness of the obtained materials was higher compared to a neat polylactide-based film.

Table 2. Thickness and transparency values of PLA-based materials.

Sample Thickness (mm) TV (mm−1)

L 0.084 ± 0.002 0.75 ± 0.07
LT05 0.087 ± 0.002 0.96 ± 0.02
LT10 0.096 ± 0.004 1.12 ± 0.15
LT20 0.112 ± 0.007 1.33 ± 0.21
LP 0.094 ± 0.003 0.81 ± 0.06

LPT05 0.099 ± 0.004 1.22 ± 0.12
LPT10 0.108 ± 0.006 1.49 ± 0.06
LPT20 0.118 ± 0.005 1.66 ± 0.05

The average thickness of the films was used in order to calculate the transparency values according
to Equation (2). Observations indicated that an addition of 5% of PEG does not significantly influence
the transparency of the LP sample. In the case of samples containing 20% poly(ethylene glycol),
described in the work of Arfat [19], the transparency value is higher (TV = 2.63) in comparison to the
obtained LP film (TV = 0.81). This indicates that the transparency of the PLA–PEG materials depends
on the composition of the mentioned blends. The other fact which must be taken into account is that
the incorporation of tea tree oil into the polylactide, as well as the PLA–PEG system, slightly influences
the transparency of the obtained materials. The obtained results suggest that droplets of tea tree oil
were evenly distributed in the PLA matrix. For this reason, the extent of the light scattering effect of
essential oil droplets in the polymer matrix was not significant [14,19]. Moreover, in the publications
of Qin et al. [14], it was established that transparency depends primarily on the types of essential oils.

3.6. Examination of Antibacterial Properties

The capacity to combat microorganisms possessed by the obtained PLA films was assessed
based on tests carried out by means of the disk-diffusion method. Table 3 summarizes the size of the
bacteria-free zones around samples, and the intensity of bacteria proliferation on the surfaces of the
samples. According to guidelines included in the ISO 20645:2006 standard, the antibacterial effects
of individual materials have been defined as the potential to inhibit the growth of bacteria under
conditions favorable for their proliferation (Figures S2 and S3).
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Table 3. Results of antibacterial activity of the examined PLA-based films.

Sample

Diameter of Inhibition
Zones of Bacteria

Growth (mm)

Bacteria Growth in Direct
Contact with Sample

Evaluation of
Antibacterial Effect 1

S. aureus E. coli S. aureus E. coli S. aureus E. coli

L 0 0 medium medium insufficient insufficient
LP 0 0 medium medium insufficient insufficient

LT05 0 0 weak lack limited good
LT10 0 0 weak lack limited good
LT20 0 0 weak weak limited limited

LPT05 0 0 lack lack good good
LPT10 0 0 lack lack good good
LPT20 1 0 lack lack good good

1 in accordance with ISO 20645:2006 standard.

Similarly to the method applied in Ahmed’s [11] and Arfat’s [19] research, in relation to a film
consisting of neat PLA and PLA with an addition of PEG, used as control samples, the inhibition
of the microorganisms’ growth in contact with these materials was not observed. With the increase
in the content of tea tree essential oil in PLA films, the antibacterial capacity of samples increased.
Nevertheless, in the case of these materials, only a partial inhibition of Gram-positive bacteria was
observed. Moreover, the incorporation of 20% TTO into the polymer matrix led to obtaining films with
limited antibacterial effects against S. aureus and E. coli. The reduced capability to combat bacteria
displayed by the PLA-based film with an addition of 20% tea tree essential oil, in comparison to other
films based on polylactide modified with TTO, results from the premature release of a part of the
biocide from the polylactide matrix while the film was being dried. This is due to the coalescence
and creaming which occur in the mixture of the PLA solution and TTO [8,18]. The above-mentioned
phenomena were observed in SEM photographs (Figure 2) and AFM images (Figure 3).

The incorporation of 5% of the plasticizer into the PLA films with an addition of TTO contributed
to the rise in antibacterial potential of the obtained materials. This beneficial change resulted from the
effect PEG on PLA, which depends on the reduction of the strength of interactions between polylactide
molecules and the increase in PLA-biocide interactions [40]. These materials had enough of the
essential oil to inhibit the S. aureus and E. coli proliferation on their surface. In the case of the film with
an addition of PEG and 20% TTO, however, compared to all other materials containing a plasticizer
and tea tree essential oil, the area of inhibition of S. aureus growth was observed (Table 2). According to
the ISO 20645:2006 standard, the incorporation of 20% tea tree essential oil into the PLA/PEG film led
to an excessive release of biocidal substances from the polylactide matrix. This also confirms previous
conclusions indicating that the processes characteristic of two-phase dispersion systems occurred.
In addition, it should be emphasized that regardless of the amount of added tea tree essential oil, all the
developed materials containing TTO and the plasticizer were characterized by a positive antibacterial
effect against both Gram-positive and Gram-negative bacteria. Based on the obtained results, it was
determined that the incorporation of 5% tea tree essential oil and 5% PEG into the PLA matrix allows
for obtaining of a film with satisfactory antibacterial properties. The performed analyses also indicate
that the addition of PEG into the PLA solution contributed to the increase in the mobility of the polymer
chains, which had a direct effect on the release of essential oil from the studied materials [40].

4. Conclusions

The studies of films modified only with tea tree essential oil as well as TTO and a plasticizer have
shown the beneficial effect of poly(ethylene glycol) on the properties of the obtained materials.

The incorporation of PEG into the PLA matrix, with an addition of tea tree oil, limited the extent
of the flocculation and coalescence of the biocidal substance during the drying of the polylactide-based
films. In addition, the presence of PEG in PLA samples, modified by means of TTO, led to the
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increase in the space between the polylactide chains, which contributed to a gradual release of
volatile substances. Moreover, it should be stressed that the incorporation of TTO and PEG into PLA
contributed to an increase in its resistance to deformation and a rise in its tensile strength values,
as well as a significant improvement in the flexibility of the obtained materials, compared to the neat
polylactide sample. Furthermore, it can be clearly noted that the incorporation of a plasticizer in the
form of poly(ethylene glycol) into PLA, with the addition of TTO, allows one to obtain a material
with satisfactory antibacterial properties. In summarizing, this method of modification leads to the
formation of bactericidal films based on polylactide with better functional properties compared to
those displayed by unmodified PLA samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/21/4953/s1.
Figure S1: DSC thermograms of studied PLA-based materials. Figure S2: Photos of Bacteria (E. coli and S. aureus)
growth in direct contact with samples consisted of PLA and TTO. Figure S3: Photos of Bacteria (E. coli and S. aureus)
growth in direct contact with samples consisted of PLA, PEG and TTO.
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Abstract: The aim of this work was to obtain and characterize polylactide films (PLA) with the
addition of poly(ethylene glycol) (PEG) as a plasticizer and chloroformic olive leaf extract (OLE). The
composition of OLE was characterized by LC-MS/MS techniques. The films with the potential for
using in the food packaging industry were prepared using a solvent evaporation method. The total
content of the phenolic compounds and DPPH radical scavenging assay of all the obtained materials
have been tested. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (FTIR-ATR)
allows for determining the molecular structure, while Scanning Electron Microscopy (SEM) indicated
differences in the films’ surface morphology. Among other crucial properties, mechanical properties,
thickness, degree of crystallinity, water vapor permeation rate (WVPR), and color change have also
been evaluated. The results showed that OLE contains numerous active substances, including phe-
nolic compounds, and PLA/PEG/OLE films are characterized by improved antioxidant properties.
The OLE addition into PLA/PEG increases the material crystallinity, while the WVPR values remain
almost unaffected. From these studies, significant insight was gained into the possibility of the
application of chloroform as a solvent for both olive leaf extraction and for the preparation of OLE,
PLA, and PEG-containing film-forming solutions. Finally, evaporation of the solvent from OLE can
be omitted.

Keywords: polylactide films; olive leaves; extract; food packaging; antioxidants

1. Introduction

Currently, the world is flooded with packaging that is not environmentally friendly.
Therefore, in the process of producing packaging, especially packaging intended for food,
more attention is being paid to packaging based on biodegradable polymers. Such materials
include polylactide, which is easily decomposed in the presence of microorganisms or water,
and at the same time, remains stable during exploitation. In addition to the biodegradability
of packaging, materials characterized by antioxidative properties are also sought after,
which are capable of extending the shelf life of products.

Active packaging includes systems that absorb or emit substances [1,2]. The absorbers
often eliminate unwanted substances such as oxygen, ethylene, excess moisture, and cer-
tain smells and flavors. In contrast, the emitters exude substances with an antimicrobial
or antioxidative activity. It should be emphasized that active packaging is a system that
modifies the composition of food or interacts with it. Recent studies have allowed for
the addition of natural extracts that can act as antioxidants, flavor and odor absorbents,
and enzymatic and antimicrobial agents [3,4]. Fat oxidation is widely recognized as one of
the most important mechanisms leading to the deterioration of foods containing triglyc-
erides. Lipid oxidation leads to a shortening of the shelf life of food due to the highly
undesirable, unfavorable changes in taste and/or odor, and to the deterioration in texture

55



Materials 2021, 14, 7623

and nutritional quality [5]. For this reason, certain natural substances with antioxidative
properties are incorporated into the package matrix.

The most popular groups of antimicrobial and antioxidative compounds incorporated
into polymeric materials include essential oils, plant-derived substances, and other or-
ganic compounds. Essential oils that are incorporated into the polymer matrix because
of their antioxidative or bactericidal properties comprise cinnamon, rosemary oil and
clove [6–9], eugenol, [10–12], curcumin oil [13], and tea tree oil or tea seed oil [14,15],
as well as oregano oil [16] or Melaleuca alternifolia essential oil [14]. The introduction of
essential oil into the polymer matrix, in most cases, improves elongation at the break of the
obtained materials, reduces the water vapor permeation rate, and results in antibacterial or
antioxidative properties.

The other popular group of compounds characterized by antioxidative properties
are flavonoids, with quercetin, catechin, and its derivatives being the most widely ap-
plied [17–20]. The flavonoids mentioned above are known as valuable antioxidative and
antimicrobial substances. Moreover, they can be used as natural stabilizers and color
indicators [21].

Other natural alternatives include different plant extracts. In the work of Ji-Hee
Kim et al. [22], the antioxidative activity of extracts originating from the coffee residue in
raw and cooked meat was studied. Different extracts were obtained using Limnophila aromat-
ica, which is commonly used as a spice and a medicinal herb [23]. The results indicated that
L. aromatica reduces oxidative stress and can be used in dietary applications. In the work
of Badakhshan Mahdi-Pour [24], the antioxidative activity of methanol extracts obtained
from different parts of Lantana camara was studied. The antioxidative effect of coconut shell
extract was proven in the work of Tanwar et al. [25], while Martínez et al. [26] investigated
the antioxidative and antimicrobial activity of rosemary, pomegranate, and olive extracts
in fish patties. Currently, scientists have started to thoroughly study polymeric materials
containing plant extracts [27–30]. Active packaging films consisting of polymer and a plant
extract have started to be extremely attractive. This phenomenon is related to the natural
origination of extracts, their antibacterial and antioxidative properties, as well as their
compatibility with the polymer matrix and the availability of plants—the source of the
extracts [31]. The preparation and antioxidative activities of gelatin films incorporated
with Ginkgo biloba extract were described in the work of Hu et al. [32]. García et al. [33]
analyzed films made of poly(ε-caprolactone) with the addition of almond skin extract.

Olive leaf extract is likely to be a promising antibacterial and antioxidative additive.
It is well known that olive leaf extract contains polyphenols, namely oleuropein, hydrox-
ytyrosol, tyrosol, verbacoside, rutin, apigenin-7-glucoside, and luteolin-7-glucoside [34].
In most cases, active compounds present in the olive leaves are extracted with different
solvents. The type of used solvent constitutes a crucial factor on which the efficiency
of the extraction depends. In the case of olive leaves the effectiveness of the following
solvents and its mixtures has been studied: water [30,35], methanol-water (4:1 v/v) as
well as (80:20, v/v) mixtures [36,37], ethanol [38] chloroform-methanol (50/50 v/v) mix-
ture [34,39], acetone, ethanol and their aqueous forms (10–90%, v/v) [40], petroleum ether,
dichloromethane, methanol [41]. Taking into account the antibacterial and antioxidative
properties of olive leaf extracts, some researchers introduced them into the polymer matrix
to obtain active packaging films. The effectiveness of antimicrobial packaging based on the
carrageenan filled with olive leaf extract has been studied in the work of Thamiris Renata
Martiny [30]. It was established that the olive leaf extracted in water allowed to obtain
polymeric films highly effective against E. coli. In the work of Erdohan [39], olive leaf
extract obtained in the mixture chloroform-methanol (50/50 v/v) was introduced into the
polylactide-based film containing glycerol as the plasticizer. However, it should be stressed
that polymeric films were formed from chloroform-ethanol mixtures. Introduction of aqua
olive leaf extract into the carrageenan matrix significantly decreases elastic modulus of the
obtained materials and simultaneously increases the value of elongation at break. Moreover,
the obtained results show that the incorporation of the OLE into the polymeric film leads
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to an increase in the WVPR [30]. In the work of Erdohan et al. [39], polylactide with an
addition of glycerol as plasticizer and different olive leaf extracts was analyzed. Based on
the obtained data, it was established that the ethanol concentration on the solvent mixture
significantly affected the WVPR as well as the mechanical properties. Incorporation of the
olive leaf extract into the gelatin matrix improves antimicrobial and antioxidant activities
of the films, however, it also increases the WVPR of the obtained films [42]. The same
tendency was observed in the work of Silveira da Rosa et al. [43]. Moreover, a decrease in
the Young’s Modulus was also observed. It is well known that polylactide is not soluble in
methanol or ethanol. The introduction of PLA and additives into the mixture of chloroform
and methanol leads to the formation of an inhomogeneous structure. For this reason,
the objective of our study was to develop PLA-based films with an addition of PEG as
a plasticizer and olive leaf extract obtained in chloroform. The proposed method allows
omitting the one step in the film-forming procedure, i.e., evaporation of solvent from OLE.
The present study analyses the structural (FTIR and SEM), mechanical, and antioxidative
properties of olive leaf extract incorporated PLA-based packaging materials. Moreover, the
water vapor permeation rate and changes in colour were evaluated.

2. Materials and Methods

Acetone and chloroform were purchased from STANLAB (Lublin, Poland). Polylactide
(type 2002D, average molecular weight = 79 kDa) was delivered in the form of pellets by
Nature Works® (Minnetonka, MN, USA). Poly(ethylene glycol) (Mw = 1500 g·mol−1) was
purchased from Sigma-Aldrich (Steinheim, Germany).

2.1. Phenolic Analysis of Olive Leaf Extract

LC-MS/MS analysis was used to examine the olive leaf extract composition.
Olive leaves of the O. europaea tree (cultivar Chemlali) were collected from Sfax

(Tunisia) in July 2019 and dried for 3 min in a JN-100 microwave dryer (Adasen, Jinan,
China) (1200 W). The dry leaves were milled and stored at 4 ◦C. The extract was prepared
from 2.5 wt.% olive leaf powder dispersion in chloroform, and was stirred for 1 h at 30 ◦C.
The obtained solution was filtered using filter paper (Filtres RS, 8–11 mm, Madrid, Spain),
and the residual solvent was evaporated at 40 ◦C under a vacuum. The obtained extract
was freeze-dried and stored at 18 ◦C for the phenolic analysis.

The LC-UV-MS/MS analyses of the obtained extract were performed according to the
method described in detail elsewhere [44].

2.2. Fabrication of Films

Thin films were obtained using the solvent evaporation method. First, the leaves from
the olive tree (Tunisia) were harvested and dried. Then, they were ground in an electric
pulverizer (IKA Werke GmbH and Co. KG, Staufen, Germany). An appropriate amount of
olive leaf dust was poured with 50 cm3 of chloroform, and the resulting mixture was mixed
with a magnetic stirrer (Wigo, Pruszków, Poland) for 3 h and filtered. Then, 1, 3, and 5 wt.%
extracts were prepared. Then, 1.5 g of polylactide was added to the olive leaf chloroformic
extract and mixed 3 h with a magnetic stirrer. Then, 5 wt.% of poly(ethylene glycol), relative
to polylactide, was added to the obtained solution and mixed with a magnetic stirrer to
reach a homogenous mixture. Poly(ethylene glycol) was used as a plasticizer. The final
solution was poured onto a glass petri dish with a known constant diameter and was
evaporated at room temperature. The obtained films samples were dried 24 h at room
temperature. Polylactide with a poly(ethylene glycol) film was used as a control sample.

2.3. The Total Content of Phenolic Compounds

The total content of phenolic compounds was evaluated using the Folin–Ciocâlteu
method, with gallic acid as the standard, according to the Malik and Bradford procedure,
with slight modifications [45]. The Folin–Ciocâlteu reagent was used as an oxidizing agent.
The samples were immersed in a mixture of 0.5 mL of Folin−Ciocalteu reagent, 1 mL of
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Na2CO3, and 8.5 mL of distilled water. The samples were incubated at 40 ◦C in the dark
for 30 min. Next, the absorbance of the samples was measured spectrophotometrically at
725 nm using a UV-1800 spectrophotometer (UV-1800, Shimadzu, Reinach, Switzerland).
The experiment was run in triplicate, and the results were expressed as a gallic acid
equivalent using a five-point calibration curve as mg/mL.

2.4. DPPH Radical Scavenging Assay

The free radical scavenging activity of the PLA-based samples was measured in vitro
using a DPPH reagent (2,2′-diphenyl-1-picrylhydrazyl, free radical, 95%; Alfa Aesar, Karl-
sruhe, Germany) [46]. First, 250 µM methanolic solution of DPPH was prepared. Next,
small pieces (1× 1 cm2) of films were prepared and placed in a 12-well plate. Then, 2 mL of
a DPPH solution was added and the samples were kept for 60 min in the dark. As a control
sample a DPPH solution left on the plate without contact with the films was used. After
incubation, the absorbance was measured spectrophotometrically at 517 nm (UV-1800,
Shimadzu, Reinach, Switzerland). All of the experiments were replicated five times. The
antioxidant activity (RSA) was calculated using the following formula:

RSA =
A0 − APB

A0
·100%, (1)

where A0 is the average absorbance of the DPPH solution without contact with the films,
and APB is the average absorbance of the DPPH solution after contact with the film
being tested.

2.5. FTIR-ATR Spectroscopy

Fourier transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR)
was used to evaluate the chemical structure of the obtained films. A Nicolet iS10 spectropho-
tometer (Nicolet iS10, ThermoFisherScientific, Waltham, MA, USA) with a germanium
crystal was used for spectra recording. All of the spectra were recorded with the 64 scans
and a resolution of 4 cm−1, and were evaluated in the range of 400–4000 cm−1.

2.6. Differential Scanning Calorimetry

Thermal analyses of all PLA-based films were performed using DSC equipment (DSC
204 F1 Phoenix, Netzsch, Germany) in the nitrogen atmosphere (gas flow 20 mL/min).
Samples of ca. 3–5 mg were sealed in standard aluminum pans, then heated with a heating
rate of 10 ◦C/min from 20 to 180 ◦C, cooled to 30 ◦C, equilibrated for 5 min at 30◦,
and heated again to 180 ◦C. The recorded data were analyzed with NETZSCH Proteus
software (Version 6.1.0), and the degree of crystallinity (XC) was calculated with the
following equation [47]:

XC =
∆HF

∆Ho·XPLA
·100, (2)

where ∆HF is the heat of fusion of the analyzed sample representing the difference between
PLA melting enthalpy (∆Hm) and enthalpy of cold crystallization (∆Hcc), ∆Ho is the heat of
fusion of a fully (100%) crystalline PLA (∆Ho = 109 J/g [48]), and XPLA is the mass fraction
of the PLA in the film.

2.7. Mechanical Properties and Thickness

The mechanical properties were analyzed at room temperature in the dry state using
Zwick&Roell 0.5 testing machine (Zwick&Roell Group, Ulm, Germany). Mechanical
properties were studied at a crosshead speed of 5 mm/min. The samples were cut using
the same bone-shaper (50 mm length, 10 mm width).

The thickness of the samples was measured with an ultrameter type A-91 (Manufac-
ture of Electronic Devices, Warsaw, Poland). For each kind of film, at least five samples
were tested.
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2.8. Water Vapor Permeation Rate (WVPR)

The water vapor permeation rate (WVPR) of PLA-based films was investigated. Three
independent tests were performed for each film. First of all, the fresh desiccant was
prepared (CaCl2 dried at 110 ◦C for 24 h). Plastic containers of 24 mm in diameter containing
a determined amount of desiccant were prepared, with the top covered tightly with the
tested films. The containers with CaCl2 but without covers were used as the control
samples. The containers were placed in an oven at 30 ◦C with 75% relative humidity. After
each 24 h to 7 days, the moisture penetration was determined based on the changes in the
desiccant weight. The slopes of the steady-state (linear) portion of weight loss versus time
curves were used to calculate the WVPR, according to the following equation:

WVPR =
W
A·t

[
g·m−2·h−1

]
, (3)

where W is the weight gained [g], A is the area of the film cover [m2], and t is time [h].

2.9. Colour Change

The influence of OLE incorporation and the swelling process in the media of dif-
ferent pH on the color of the obtained films was studied using the MICRO-COLOR II
LCM 6 (Dr. Lange, Berlin, Germany) colorimeter. The as-obtained films were immersed in
0.1 M HCL, 0.1 M NaOH, and distilled water for 7 days [46]. Then, films were taken out
from the liquid and allowed to dry at room conditions (temperature and humidity). The
color parameters of the dry as-prepared (before immersion) and the post-swelled (after
immersion) films were measured. The CIE L*a*b* system was applied to calculate the color
difference (∆E) of the materials. To establish the total values of color difference (∆E) and
color intensity (C), the following formulas were used:

∆E =

√
(L− L∗)2 + (a− a∗)2 + (b− b∗)2, (4)

C =

√
(a)2 + (b)2, (5)

where:

L—the component describing lightness,
a—represents the color ranging from green (−a) to red (+a),
b—represents the color ranging from blue (−b) to yellow (+b),
L*, a*, b*—values characteristic for the control film (PLA/PEG), L* (lightness), a* (red-
ness/greenness), and b* (yellowness/blueness).

Yellowness index (YI) was calculated using the following equation [49]:

YI =
142.86·b

L
, (6)

Each sample was analyzed five times and the mean values were calculated.

2.10. Morphology Observations—Scanning Electron Microscopy

Scanning Electron Microscopy was used to observe the surface and cross-section of
the obtained films. Before each analysis, the surfaces of the studied films were sputtered
with an Au thin layer. Photographs were taken using the Quanta 3D FEG scanning electron
microscope (SEM, FEI Company, Hillsboro, OR, USA).

2.11. Statistical Analysis

The obtained data were statistically analysed using commercial software (GraphPad
Prism 8.0.1.244, GraphPad Software, San Diego, CA, USA). The results, presented as
a mean ± standard deviation (SD), were compared using one-way analysis of variance
(one-way ANOVA). Multiple comparisons between the means were performed with the
statistical significance set at p ≤ 0.05. The results from the total content of phenolic
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compounds, the free radical scavenging activity, the mechanical properties, and thickness
and water vapor permeation rate tests were subjected to statistical analysis.

3. Results and Discussion
3.1. The Total Content of Phenolic Compounds and DPPH Radical Scavenging Assay

There are several studies devoted to the extraction of olive waste and to the deter-
mination of the phenolic compound composition for the obtained extracts [40,50,51]. The
analysis of these results indicate clearly that the presence of different phenolic compounds
in olive leaf extract (OLE) depends on several factors [40,50–52]: olive tree cultivation,
season, time of extraction, and solvent used. Thus, it is crucial to evaluate the composition
of the particularly obtained OLE. Based on the LC-MS/MS analysis, the olive leaf extract
composition was determined and is listed in Table 1.

Table 1. Phenolic compounds identified by LC-MS/MS using the negative ionization mode of Chemlali olive leaf cultivar
extract, including LC-MS/MS parameters and MRM transitions.

N◦ TR M Exp. a m/z
for [M-H]−

Chemical
Formula

λmax
[nm]

Main Fragments
via MS/MS Proposed Compound

1 7.5 170.0215 169.0145 C7H6O5 230; 270 125.0243; 124.0168;
97.0294; 73.0190 Gallic acid

2 11.8 154.063 153.0562 C8H10O3 230; 278 123.0453; 109.0291 Hydroxytyrosol

3 18.0 180.0425 179.0351 C9H8O4 295; 324 135.0450; 134.0370; 89.0339 Caffeic acid

4 19.5 640.2003 639.1933 C29H36O16 230; 280; 324 621.1823; 179.0351;1
61.0247 β-hydroxyverbascoside III

5 20.38 610.1534 609.1471 C27H30O16 357
463.0883; 301.0352;
300.0276; 178.9986;

151.0033

Quercetin 3-O-rutinoside
(rutin)

6 21.1 624.2054 623.1986 C29H36O15 234; 276 461.1652; 315.1071;
179.0349; 161.0242 Verbascoside

7 21.29 448.1006 447.0938 C21H20O11 346
285.0393; 284.0317;
197.0611; 175.0397;

133.0288
Luteolin 7-O-glucoside

8 21.8 702.2371 701.2294 C31H42O18 232; 282

539.1762; 437.1430;
377.1238;345.0972;
307.0832; 275.0561;
223.0610; 179.0561;
149.0250; 139.0389;

113.0254

Oleuropein hexoside I

9 22.0 624.2054 623.1986 C29H36O15 234; 278 461.1666; 315.1054;
179.0345; 161.0244 Isoverbascoside

10 23.0 432.1056 431.098 C21H20O10 337 269.0453; 268.0376;
117.0348 Apigenin 7-O-glucoside

11 24.2 540.1843 539.1771 C25H32O13 230; 280

403.1236; 377.1241;
371.0979; 327.0880;
307.0822; 275.0920;
223.0610; 179.0703;
165.0560; 149.0245;

139.0401

Oleuropein I

12 24.7 540.1843 539.1774 C25H32O13 230; 280

403.1262; 377.1263;
371.1002; 327.0915;
307.0842; 275.0578;
223.0629; 179.0703;
165.0573; 149.0260;

139.0412

Oleuropein II
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Table 1. Cont.

N◦ TR M Exp. a m/z
for [M-H]−

Chemical
Formula

λmax
[nm]

Main Fragments
via MS/MS Proposed Compound

13 25.7 558.2309 557.224 C26H38O13 280

513.2345; 345.1194;
327.1088; 227.1290;
185.1185; 183.0662;

121.0661

6′-O-[(2E)-2,6-dimethyl-8-
hydroxy-2-octenoyloxy]-

secologanoside

14 26.3 926.3056 925.2991 C42H54O23 240; 284

893.2633; 763.2456;
745.2360; 693.2030;
539.1765; 521.1655;
377.1239; 307.0823

Jaspolyoside III

TR—time retention [min]; M—molar mass [g/mol]; λmax—wavelength of maximum absorbance; m/z—the mass-to-charge ratio of the ion.

As can be seen, several phenolic compounds were detected in the extract. Oleuropein
is the major phenolic compound in olive leaves. Its content varies from 17% to 23%
depending upon the harvesting time of the leaves [53]. Among others substances present in
chloroformic olive leaf extract, gallic acid, hydroxytyrosol, caffeic acid, rutin, verbascoside,
luteolin 7-O-glucoside, oleuropein hexoside I, isoverbascoside, apigenin 7-O-glucoside,
6′-O-[(2E)-2,6-dimethyl-8-hydroxy-2-octenoyloxy]-secologanoside, and jaspolyoside III,
were also found. All of the compounds given in Table 1 were previously reported in olive
leaf extracts [54,55].

The total content of the phenolic compounds and the free radical scavenging activity of
the obtained films with the olive leaf active substances extracted are shown in Table 2. It is
well known that phenolic compounds can be found in all parts of the olive plant [56]. It is
frequently reported that oleuropein is the most prominent and predominant phenolic com-
pound in olive cultivars and can reach a concentration of 60–90 mg/g in dry leaves [57,58].
The quantitative analysis revealed the presence of phenolic compounds in each type of
film, excluding the control film without olive leaf extract. As the concentration of olive leaf
extract increases, the phenolic compound content increases, but no significant statistical
difference (p ≤ 0.05) was observed between PLA/PEG/1OLE and PLA/PEG/3OLE. The
film with the highest content of OLE (PLA/PEG/5OLE) was also characterized by the
highest phenolic compound concentration (0.637 ± 0.061 mg/mL). This trend is in line
with expectations and with the results of other scientists. Da Rosa et al. [44] prepared
biodegradable carrageenan films containing olive leaf extract by the evaporation method.
They noticed a higher amount of phenolic compounds with the increasing amount of olive
leaf extract. Albertos et al. [43] studied olive leaf-gelatin film properties and evaluated
that the total soluble phenolic compounds content was higher for materials with a higher
extract content.

Table 2. The total content of phenolic compounds (TP) and the free radical scavenging activity (RSA)
of PLA films.

Specimen TP [mg/mL] RSA [%]

PLA/PEG - 22.30 ± 2.06
PLA/PEG/1OLE 0.349 ± 0.071 56.26 ± 0.70 *
PLA/PEG/3OLE 0.498 ± 0.106 56.53 ± 1.35 *
PLA/PEG/5OLE 0.637 ± 0.061 a 56.90 ± 3.16 *#

a—Statistically significant difference vs. PLA/PEG/1OLE; *—Statistically significant difference vs. PLA/PEG
(control); #—Statistically significant difference vs. PLA/PEG/1OLE.

Taking into consideration the free-radical scavenging (RSA) activity, it can be seen
that polylactide film with the addition of olive leaf extract was characterized by a higher
RSA than the non-modified polylactide film. These results prove that the obtained films
with the addition of olive leaf extract exhibit improved antioxidant properties. However,
it can also be observed that there were no statistically significant differences between
the films with different contents of OLE (Table 2). Many scientists reported that as the
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active substance or extract concentration increases, the antioxidant activity also increases.
Tymczewska et al. [59] reported the same trend—a non-modified film based on gelatin was
characterized by lower antioxidant activity than the films modified by various contents
of rapeseed meal extracts. Roy and Rhim [60] also noticed that the antioxidant activity
increased with the increased concentration of the modifier (in this case, curcumin) in the
material. A similar relationship was shown by Dou et al. [61] where gelatin/sodium
alginate materials with the addition of various contents of tea tree polyphenols were tested.
It can be assumed that free radical scavenging can occur (a) on the film surface and (b)
in the solution. The (b) option is strongly dependent on the material swelling and the
possible release of active substances. As PLA is not soluble in methanol, PLA-film swelling
in this medium is very low and reduces the possibility of OLE components migration into
the external solution during RSA testing. Due to this, it can be stated that free radical
scavenging of PLA/PEG/OLE films is primarily an effect of the surface composition.
It should be stressed out that there are minor differences in the total OLE content between
PLA/PEG/OLE films prepared in this study. Moreover, as the solvent evaporation method
was used, there can be slight differences in the composition of the film surface and the inner
parts. All of the reasons mentioned above could be responsible for the minor differences in
RSA observed for PLA/PEG/OLE films.

3.2. FTIR-ATR Spectroscopy

To evaluate the molecular structure of PLA/PEG and PLA/PEG/OLE films and to
confirm the possible interactions between PLA, PEG, and OLE, FTIR-ATR analysis was per-
formed (Figure 1). The molecular structure of the pristine PLA film was already analyzed
with the FTIR technique and the results described elsewhere [62], confirming the presence
of most characteristic functionals by vibrational bands at: 2999 cm−1 and 2945 cm−1 (νas
and νs C-H in -CH3), 1763 cm−1 (νs -C=O), 1451 cm−1 (bending asymmetrical C-H in
-CH3) 1207 and 1127 cm−1 (νs -C-O-C-), 873 cm−1 (ν -C-COO), and 756 cm−1 (deformation
vibration CO). In the FTIR spectra of PLA/PEG (Figure 1a), almost the same absorption
bands as in neat PLA were noticed. The resemblance of PLA and PLA/PEG spectra results
from the structural similarity of PLA and PEG. However, as already proven by Yuniarto and
coworkers [63], there are slight differences between intensity and bands position between
PLA and PLA-PEG films. These confirm that the poly(ethylene glycol) (PEG) hydrophilic
group interacts with the polar groups (e.g., C=O) of PLA, resulting in hydrogen bonding.

The spectrum of OLE (Figure 1b) revealed several bands characteristic for the presence
of different active compounds listed in Table 1. Most of the OLE components possess
characteristic functionals in their structure. Their occurrence was confirmed through the
vibrational bands at 3292 and 1732 cm−1 (stretching nodes: N-H in amine, O-H in phenols,
C=O in carboxylic acid and C=C in alkenes), 1155 cm−1 (stretching vibration: C-OH in
the protein or C-N in the amine), 2918 cm−1 (C-H stretching), 1614 cm−1 (indicate the
fingerprint region of CO, C-O and O-H, C-O in amide I), and 1070 cm−1 (C-N stretching in
amine). With a view of the differences in the composition of the OLE extracts connected to
the olive leaf sources and processing, the recorded OLE spectra (Figure 1b) remained in
agreement with others presented in the literature [64–66].

The comparison of the PLA/PEG, OLE, and PLA/PEG/5OLE spectra indicates the
characteristic bands of both PLA/PEG and OLE in the final OLE extract-based polymeric
films (Figure 1c); however, the most intense bands correspond to PLA/PEG. This can be
due to the relatively low amount of OLE in the final film. In particular, the preparation
of PLA/PEG films with the usage of OLE extract resulted in a new adsorption band at
1686 cm−1. It can be assigned to the ν O-H of the OLE components; however, its position
is visibly shifted in comparison to the spectra of pure OLE (i.e., 1614 cm−1). Similarly, in
the 2800–3100 cm−1 region, three bands were noticed: at 2994 cm−1 (corresponding to the
asymmetric stretching of C-H in -CH3 in PLA), 2918, and 2849 cm−1 (characteristic for OLE
components). These observations allow for the suggestion of possible interactions between
the chemicals present in the OLE and PLA/PEG matrix.
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Figure 1. The FTIR-ATR spectra of the control samples (PLA/PEG (a) and OLE (b)) and polylactide films with the addition
of olive leaf extract (c).

3.3. Mechanical Properties and Thickness

A tensile test coupled with thickness measurements was done to estimate the effect
of OLE addition on the mechanical properties of PLA/PEG polymeric films. Stress–strain
curves were used to evaluate Young’s modulus (Emod), elongation at break (Maximum
deformation), and maximum force at break (Fmax) (Figure 2).

It was proven several times in the literature [67–69], and also by us, that the addition
of a PEG plasticizer into the PLA matrix causes an increase in the free volume inside
the polymeric film, which in turn facilitates the movement of the polymeric chains. As
already indicated in the literature [70], PEG affects the characteristics of PLA by disturbing
the intermolecular forces. Thus, neat PLA/PEG films exhibit relatively high elongation
at break and a maximum force at break (Fmax) compared to pure PLA. As shown in
Figure 2, an introduction of OL extract into the PLA/PEG matrix causes a reduction
of maximum deformation, Young’s modulus (Emod), and Fmax values. Moreover, the
maximum deformation and Emod depend on the amount of OLE, while Fmax is almost
independent of the OLE concentration. In this context, it can be stated that the incorporation
of OLE slightly worsened the mechanical properties of PLA/PEG films.

In general, the literature indicates that the addition of natural essential oils causes an
increase in the mechanical properties of pure PLA-based films [71]. Different observations
have been made for PEG plasticized PLA materials. Tarach et al. [69] noticed an increase
in maximum deformation after incorporating tea tree essential oil into PEG/PLA-based
films. Similarly, Chieng et al. [72] registered maximum deformation values for poly(lactic
acid) plasticized with poly(ethylene glycol) and epoxidized palm oil in comparison with
neat poly(lactic acid) films. In turn, Vasile and coworkers [73] showed a decrease in Emod
after the addition of a low amount of rosemary extract into the PLA/PEG (80/20 w/w),
while Fmax was almost unaffected. This suggests that when OLE is added into an already
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plasticized PLA-matrix, both components (OLE and plasticizer) can act antagonistically
on the polymer chain movement ability, and stay in agreement with the almost invisible
changes in the FTIR spectra of PLA/PEG after OLE addition.
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Figure 2. The mechanical properties: (A) Young modulus, (B) maximum force at break, (C) maximum
deformation, and (D) thickness of the obtained films; *—statistically significant difference vs. control
sample (PLA/PEG); ns—no statistically significant difference vs. control sample (PLA/PEG).

It is known that the mechanical properties of PLA-based materials are affected by
different polymer properties, as well as by crystallinity [74,75]. In general, it is assumed
that the greater the crystallinity, the harder the polymer, as crystallinity reduces the degree
of freedom for the molecular chains to move. As we discussed earlier [69], the presence
of chloroform within the PLA-based materials provides suitable conditions for the crys-
tallization of the polymer. Moreover, based on the results presented in Table 3, it can be
seen that the addition of OLE increases crystallinity, thus causing a reduction of maximum
deformation of PLA/PEG/OLE materials. Based on the differences in crystallinity, which
slightly changed after OLE incorporation, it can be assumed that OLE components act as
a nucleus of crystallization, and finally reduce the maximum deformation. The current
findings remain in agreement with the data reported by Malgorzata Latos-Brozio and
Anna Masek [76], who proved that plant polyphenols can act as nucleating substances,
increasing the crystallinity of PLA, and with the results of Javidi et al. [77], who stated that
the essential oil facilitates the process of PLA crystallization.
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Table 3. Water Vapor Permeation Rate (WVPR) and the degree of crystallinity (XC) of PLA/PEG and
OLE containing PLA/PEG films.

Specimen WVPR [g·m−2·h−1] XC [%]

Control 42.75 ± 0.48 -
PLA/PEG 10.49 ± 0.81 a 0.72

PLA/PEG/1OLE 10.26 ± 0.65 ab 1.55
PLA/PEG/3OLE 9.07 ± 0.33 ab 1.76
PLA/PEG/5OLE 11.01 ± 1.61 ab 1.61

a—statistically significant difference vs. control sample; b—no statistically significant difference vs. PLA/PEG.

3.4. Water Vapor Permeation Rate (WVPR)

WVTR, according to the definition, is the steady rate at which H2O vapor permeates
through a barrier at a specific temperature and relative humidity (RH) in a given time. It is
a crucial parameter in evaluating the food-package potential, as water affects the product’s
quality and shelf-life. Depending on the type of packaged food, WVPR values are expected
to be relatively low or high, so there is no “good” value or range for WVPR.

Water barrier properties of PLA/PEG and OLE-containing PLA/PEG films were
characterized by calculating the water vapor permeation rate (WVPR) values (Table 3).
As can be seen, the application of PEG-plasticized polylactide film substantially reduces
the water transport from the environment (of relative humidity RH = 75%) into the applied
desiccant. However, the further addition of different amounts of OLE does not significantly
affect the WVPR values.

As we already discussed [78], several factors affect the transport properties of poly-
meric films. The WVPR value depends on both the environmental factors (e.g., temperature,
relative humidity, the difference in pressure, or concentration gradient across the film) and
the material molecular and supramolecular characteristics (e.g., thickness and area, nature
and Mw of the polymer, type, and content of additives).

The literature [79–81] indicates that, in general, neat PLA films are medium-to-low
barrier materials to water vapor. The barrier properties of PLA-based films are highly
influenced by their polymer chain orientation and packing, defined through crystallinity,
crystal thickness, and morphology [82,83]. As indicated by Drieskens et al. [83], the
crystallization of PLA has a positive effect on the barrier properties towards water and
oxygen. The decrease of permeability in the case of a more crystalline polymer structure
was also already described well by the Maxwell equation [84]. Generally, the reduction of
gas and water vapor transport by crystallization can be explained as [83] (a) decrease in
the amorphous phase that, opposite to the crystalline phase, is permeable to gases, and (b)
increase in the tortuosity. In this context, according to the evaluated degree of crystallinity
(Table 3), which increases with the addition and the content of OLE, a reduction of WVPR
should be observed.

The reason for such unexpected changes in WVPR values, which do not vary with
XC, is probably connected with the nature of the additive (olive leaf extract). The primary
phenolic compound found in this extract is oleuropein. For its extraction, simultaneously
with other phenolic compounds, organic solvents of a higher polarity (e.g., methanol and
ethanol) and water are proposed. It can be assumed that those components exhibit a higher
affinity toward more polar solvents. Thus, the addition of OLE into the PLA/PEG matrix
can cause an increase in water vapor diffusion. To summarize, it can be stated that an
increase in the degree of crystallinity and the addition of OLE act antagonistically to the
WVPR value. Finally, no substantial differences in WVPR were observed in the case of
PLA/PEG and PLA/PEG/OLE films.

A similar effect of OLE addition on water transport properties was observed by
Martiny et al. [30] for carrageenan/glycerol films. It should be added that researchers
used a significant amount (62.5 wt.%) of OLE based on carrageenan mass. Contrary,
García et al. [85] presented a reduction in water vapor permeation with the increasing
amount of olive extract (OLE) in corn starch/glycerol films.
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It is worth noting that in the above-discussed context, the OLE addition neither
improved nor worsened the barrier properties of the PLA material toward the water.

3.5. Colour Change

In Table 4, CIEL*a*b* L, a, and b color parameters, as well as total color difference
(∆E) of PEG-PLA and OLE-doped PEG-PLA as-prepared (dry) and post-swelled films, are
given. Moreover, the calculated color intensity and yellowness index (YI) are presented in
Figure 3.

Table 4. Color (L, a, b, and ∆E) parameters of PLA-based films.

Colour Parameter Conditions PLA/PEG PLA/PEG/1OLE PLA/PEG/3OLE PLA/PEG/5OLE

Dry
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Figure 3. Color intensity (A) and Yellowness index (B) of PLA/PEG and PLA/PEG/OLE films.

All of the films were found to be visually homogeneous, slightly opaque, with a shade
of blue or green. As shown (Table 4), the dry PLA/PEG film is characterized by a value
close to 0 and b = −12.86 with a high L = 86.46 ± 0.05 parameter. These data correlate with
those presented by us earlier for PLA films plasticized with PEG [18], and indicate the
white/light blue color of this film. The usage of olive leaf extracts in PLA film preparation
resulted in polymeric materials (PLA/PEG/OLE) of almost an unaffected a value, but
substantially contrasting L and b values. The higher the concentration of OLE, the lower L
value that was measured, indicating reduced lightness of films, changing from 66.64 ± 1.14
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to 50.28 ± 0.60, for PLA/PEG/1OLE to PLA/PEG/5OLE, respectively. The usage of OLE
causes the b color parameter to change the sign from slightly negative (for PLA/PEG) to
positive (b ≈ 30 for PLA/PEG/OLE). All changes in the a, b, and L parameters confirm the
visible color change (∆E > 5—observer notices two different colors) from light blue to dark
green (“olive”) (visualization in Table 4). The obtained results are consistent with the color
of the olive leaf extracts (see Figure S3 in Supplementary Materials).

The human eye functions as a spectrometer analyzing the light reflected from the
surface of a solid or passing through a liquid. If we consider white light as composed of
a broad range of radiation wavelengths in the ultraviolet (UV), visible, and infrared (IR)
portions of the spectrum, characterized by a wavelength, green color is observed when
the substance absorbs in the red (780–620 nm) and the blue (495–455 nm), and green-blue
when the substance absorbs orange-red (595–750 nm) [86,87].

Most of the colour organic substances belonging to pigments contain certain groups
called chromophores [88]. Olive leaves’ colour depends on the pigment composition and
concentration, especially with reference to chlorophyll. As it was already given by Imen
Tarchoune [89], the green colour of olive leaves and its extracts results from the presence of
chlorophylls (absorbance 646–664 nm) and carotenoids (absorbance at 480 nm). As shown
in Figure S3 (Supplementary Materials), the higher amount of olive leaf dust used, the
more intense the green colour of extract observed. However, even if the colour intensity
of PLA/PEG/OLE films was found higher in reflection to PLA/PEG, there is no visible
correlation between the colour of extracts and color intensity of resulting PLA/PEG/OLE
films (Figure 3A).

The changes in color can also be noticed through the differentiation in the yellowness
index, which not only changed its sign when olive leaf extract was used for PLA films
formation, but also substantially increased in comparison with the pristine PLA/PEG film
(Figure 3B).

The changes in color of PLA-based films after contact with water, 0.1 M HCl, and
0.1 M NaOH solutions were also evaluated (Table 4). In the case of all of the tested films,
contact with all applied media caused darkening (increase in L value). Similar observations
were made by Michalska-Sionkowska [90] for fish skin collagen material modified with
β-glucan. Simultaneously, a reduction of color intensity and yellowness were noticed.
Among all CIEL*a*b* color parameters, a more remarkable change was found in the b
value, which substantially decreased after film swelling. However, no correlation between
solution pH and color change could be established.

Two possible phenomena can be responsible for the color changes after swelling. It can
be assumed that some of the pigments diffuse from the polymeric matrix into an external
solution during swelling. The diffusion strictly correlates with the degree of swelling
value and is hindered when low swelling occurs. It should be mentioned that we did
not observe extensive swelling in each of the chosen solutions. This observation stays
in agreement with the non-ionic nature of PLA and the swelling experiments performed
by others [91,92]. Moreover, in contrast with the observations (L value), the diffusion of
pigments should result in a lightening of PLA/PEG/OLE films. Thus, we assume that
the color changes are dominated mainly by the effect of the pH on the stability of the
chlorophylls and carotenoids.

3.6. Morphology Observations—Scanning Electron Microscopy

The surface and cross-section of the obtained films based on polylactide with olive leaf
extract and poly(ethylene glycol) as a plasticizer were observed by Scanning Electron Mi-
croscopy. To observe the cross-section, the films were frozen in liquid nitrogen and broken.
In Figure 4, surface, and cross-section at 1000× (Figure 4A,B) and cross-section at 2500×
(Figure 4C) magnification are presented. It can be seen that surface of polylactide film
containing plasticizer (Figure 4A—PLA/PEG) is smooth and flat, without any damage, fis-
sures, or cracks. Similar observation were made in our previous paper [18], for polylactide
films with the addition of quercetin and poly(ethylene glycol). Jasim Ahmed et al. [93] also
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reported a smooth and flat surface of PEG-plasticized polylactide films. These observations
suggest good mixing of the polylactide and poly(ethylene glycol) and homogeneity of its
blend. Taking into account the cross-section of the PLA/PEG film (Figure 4B—PLA/PEG),
cracks can be observed. This may be caused by sample preparation (breaking the film
frozen in liquid nitrogen) and the cracking of the gold layer during visualization.
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Figure 4. SEM images of PLA/PEG and PLA/PEG films with olive leaf extract addition: surface in 1000×magnification
(A), and cross-section in 1000× (B) and 2500× (C) magnification.

When comparing films without the additive and with the addition of olive leaf extract,
significant changes in morphology can be noticed. The surface of PLA/PEG/OLE is folded
and inequalities can be observed. With increasing the extract concentration, a more uneven
surface of the films was discovered. A similar conclusion was reached by Z. Javidi et al. [77]
for polylactide films with the addition of 0.5 and 1.5 % (w/w) of oregano oil (OOil). It was
stated that the addition of a higher amount of OOil into the PLA caused the presence of
discontinuities in the resultant films, suggesting that the interaction between oregano oil
and PLA was not sufficiently strong to prevent phase separation between both components
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during the solvent evaporation. The presence of a discontinuous phase in the PLA films
with the addition of different essential oils (bergamot, lemongrass, rosemary, and clove)
was also observed by Qin et al. [71]. This discontinuous structure would increase the
roughness of the films.

Additionally, small holes and cavities were found in the films with OLE addition, as
in our previous paper [69] describing the influence of tea tree essential oil on polylactide-
based films. However, these surface irregularities were evenly distributed—which might
suggest even and reasonably well-mixed ingredients. The incorporation of OLE reduced
the compactness of the film. SEM observations stayed in agreement with the FTIR analysis,
which did not confirm the strong interactions between the OLE and PLA/PEG film.

When it comes to the thickness of the films—as it can be seen in SEM images (Figure 4B)
and in Figure 2D (mechanical properties), where the results for thickness measurements
were given—no statistically significant differences in thickness were observed, depending
on the concentration of the extract.

4. Conclusions

Polymer films with poly(ethylene glycol) as a plasticizer and olive leaf extract were
successfully obtained by the solvent evaporation method. It was proven that the addition
of OLE positively influences the antioxidant properties of PLA/PEG-based materials. This
is due to the composition of the olive leaf extract, which mainly consists of phenolic
substances, including oleuropein.

The incorporation of OLE affected the final material crystallinity, which in turn influ-
enced the water vapor permeation rate and mechanical properties. Due to the nature of
OLE components, no differences in WVPR between PLA/PEG and PLA/PEG/OLE were
observed. The color of the polymeric films was strongly dependent on the presence and
content of the extract used and changed during contact with different solutions.

The application of chloroform as a solvent for olive leaf extraction allows for, without
additional solvent-evaporation steps, preparing OLE, PLA, and PEG containing film-
forming solutions. Thus, the main benefit of the proposed method relies on using the same
solvent for both extraction and film formation.

To more strictly characterize the obtained films and to prove their high potential as an
active packaging material, additional antimicrobial and storage experiments have already
been performed. Their results will be the object of a separate manuscript.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma14247623/s1, Figure S1. Base peak chromatogram of Chemlali olive cultivar leaf extract,
Figure S2. DSC thermograms of PLA/PEG and PLA/PEG/OLE films, Figure S3. Real photo of fresh
olive leaf extracts in chloroform, Table S1. DSC thermal data of PLA/PEG and PLA/PEG/OLE films.
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University in Toruń) grant no. 492/2020 and by the “Excellence Initiative—Research University—
Debuts” programme, 1st edition (Nicolaus Copernicus University in Toruń).
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Poly(Lactic Acid), Chitosan and Rosemary Ethanolic Extract I. Effect of Chitosan on the Properties of Plasticized Poly(Lactic
Acid) Materials. Polymers 2019, 11, 941. [CrossRef]

74. Casalini, T.; Rossi, F.; Castrovinci, A.; Perale, G. A Perspective on Polylactic Acid-Based Polymers Use for Nanoparticles Synthesis
and Applications. Front. Bioeng. Biotechnol. 2019, 7, 259. [CrossRef]

75. Farah, S.; Anderson, D.G.; Langer, R. Physical and Mechanical Properties of PLA, and Their Functions in Widespread
Applications—A Comprehensive Review. Adv. Drug Deliv. Rev. 2016, 107, 367–392. [CrossRef] [PubMed]

76. Latos-Brozio, M.; Masek, A. The Application of (+)-Catechin and Polydatin as Functional Additives for Biodegradable Polyesters.
Int. J. Mol. Sci. 2020, 21, 414. [CrossRef]

77. Javidi, Z.; Hosseini, S.F.; Rezaei, M. Development of Flexible Bactericidal Films Based on Poly(Lactic Acid) and Essential Oil and
Its Effectiveness to Reduce Microbial Growth of Refrigerated Rainbow Trout. LWT-Food Sci. Technol. 2016, 72, 251–260. [CrossRef]

78. Jakubowska, E.; Gierszewska, M.; Nowaczyk, J.; Olewnik-Kruszkowska, E. The Role of a Deep Eutectic Solvent in Changes of
Physicochemical and Antioxidative Properties of Chitosan-Based Films. Carbohydr. Polym. 2021, 255, 117527. [CrossRef]

79. Rojas-Lema, S.; Quiles-Carrillo, L.; Garcia-Garcia, D.; Melendez-Rodriguez, B.; Balart, R.; Torres-Giner, S. Tailoring the Properties
of Thermo-Compressed Polylactide Films for Food Packaging Applications by Individual and Combined Additions of Lactic
Acid Oligomer and Halloysite Nanotubes. Molecules 2020, 25, 1976. [CrossRef]

80. Mohsen, A.H.; Ali, N.A. Mechanical, Color and Barrier, Properties of Biodegradable Nanocomposites Polylactic Acid/Nanoclay.
J. Bioremediation Biodegrad. 2018, 9. [CrossRef]

81. Halász, K.; Hosakun, Y.; Csóka, L. Reducing Water Vapor Permeability of Poly(Lactic Acid) Film and Bottle through Layer-by-
Layer Deposition of Green-Processed Cellulose Nanocrystals and Chitosan. Int. J. Polym. Sci. 2015, 2015. [CrossRef]

72



Materials 2021, 14, 7623

82. Maharana, T.; Mohanty, B.; Negi, Y.S. Melt-Solid Polycondensation of Lactic Acid and Its Biodegradability. Prog. Polym. Sci. 2009,
34, 99–124. [CrossRef]

83. Drieskens, M.; Peeters, R.; Mullens, J.; Franco, D.; Iemstra, P.J.; Hristova-Bogaerds, D.G. Structure versus Properties Relationship of
Poly(Lactic Acid). I. Effect of Crystallinity on Barrier Properties. J. Polym. Sci. Part B Polym. Phys. 2009, 47, 2247–2258. [CrossRef]

84. Guo, Y.; Yang, K.; Zuo, X.; Xue, Y.; Marmorat, C.; Liu, Y.; Chang, C.C.; Rafailovich, M.H. Effects of Clay Platelets and Nat-
ural Nanotubes on Mechanical Properties and Gas Permeability of Poly (Lactic Acid) Nanocomposites. Polymer 2016, 83,
246–259. [CrossRef]

85. García, A.V.; Álvarez-Pérez, O.B.; Rojas, R.; Aguilar, C.N.; Garrigós, M.C. Impact of Olive Extract Addition on Corn Starch-Based
Active Edible Films Properties for Food Packaging Applications. Foods 2020, 9, 1339. [CrossRef]

86. Schanda, J. Colorimetry-Understanding the CIE System; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2007; ISBN 978-0-470-04904-4.
87. Lindon, J.C.; Tranter, G.E.; Holmes, J.L. Encyclopedia of Spectroscopy and Spectrometry; Elsevier: Amsterdam, The Netherlands, 2000;

ISBN 0-12-226680-3.
88. Sklar, A.L. Theory of Color of Organic Compounds. J. Chem. Phys. 1937, 5, 669–681. [CrossRef]
89. Tarchoune, I.; Sgherri, C.; Eddouzi, J.; Zinnai, A.; Quartacci, M.F.; Zarrouk, M. Olive Leaf Addition Increases Olive Oil

Nutraceutical Properties. Molecules 2019, 24, 545. [CrossRef] [PubMed]
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Abstract: In this paper, novel microgels containing nano-SiO2 were prepared by in situ copolymeriza-
tion using nano-SiO2 particles as a reinforcing agent, nanosilica functional monomer (silane-modified
nano-SiO2) as a structure and morphology director, acrylamide (AAm) as a monomer, acrylic acid
(AAc) as a comonomer, potassium persulfate (KPS) as a polymerization initiator, and N,N′-methylene
bis (acrylamide) (MBA) as a crosslinker. In addition, a conventional copolymeric hydrogel based on
poly (acrylamide/acrylic acid) was synthesized by solution polymerization. The microgel samples,
hydrogel and nanoparticles were characterized by transmission electron microscopy (TEM), field
emission scanning electron microscopy (FESEM), Fourier transform infrared (FTIR) spectroscopy,
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). A FESEM micrograph
of copolymeric hydrogel showed the high porosity and 3D interconnected microstructure. Further-
more, FESEM results demonstrated that when nano-SiO2 particles were used in the AAm/AAc
copolymerization process, the microstructure and morphology of product changed from porous hy-
drogel to a nanocomposite microgel with cauliflower-like morphology. According to FESEM images,
the copolymerization of AAm and AAc monomers with a nanosilica functional monomer or polymer-
izable nanosilica particle as a seed led to a microgel with core–shell structure and morphology. These
results demonstrated that the polymerizable vinyl group on nano-SiO2 particles have controlled the
copolymerization and the product morphology. FTIR analysis showed that the copolymeric chains
of polyacrylamide (PAAm) and poly (acrylic acid) (PAAc) were chemically bonded to the surfaces
of the nano-SiO2 particles and silane-modified nano-SiO2. The particulate character of microgel
samples and the existence of long distance among aggregations of particles led to rapid swelling and
increasing of porosity and therefore increasing of degree of swelling.

Keywords: copolymer; hydrogel; microgel; nanocomposite; nanosilica

1. Introduction

Polymeric hydrogels have a particular characteristic that make them unique materi-
als. Hydrogels are a three-dimensional network of loosely crosslinked polymers that can
absorb and retain several times even thousands of times weight of aqueous fluids due to
the presence of large amounts of hydrophilic groups such as carboxyl (–COOH), sulfonic
acid (–SO3H), amine (–NH2) and hydroxyl (–OH) [1–3]. The presence of these functional
groups in the structure of hydrogels contribute to the hydrophilic character and water
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absorbency of hydrogels [4]. Meanwhile, microgels are hydrogel particles with their size
ranging from nanometers to micrometers [5]. These particles can form colloids. Hydrogels
are classified into three groups based on their composition. This group includes multi-
polymer interpenetrating polymeric hydrogel, copolymeric hydrogels and homopolymeric
hydrogels. Hydrogels are also divided into four groups based on the network electrical
charges including nonionic, ionic, amphoteric electrolyte, and zwitterion [6,7]. Hydrogels as
environmental-sensitive materials can show volume transition in response to the surround-
ing environment (e.g., light, electric and magnetic field, temperature, pH, enzymes) [8–10].
These kind of revolutionary materials are widely used in environmental and separation
systems (heavy metal ions remover [11]), physiological hygiene products (baby diapers
and sanitary towels [12]), tissue engineering (material for scaffolds [13]), contact lenses [14],
sensors and actuators [15], supercapacitors [16], slow release fertilizer [17], pharmaceuticals
(controlled drug delivery [18]), agriculture and forestry (water conservation retention [19]),
cosmetic industry [20] and civil engineering (sealing rod, cement [21]). During the past
two decades, organic/inorganic nanocomposites have been developed to help improve the
properties of conventional hydrogel and overcome their weaknesses [22]. These novel types
of strong materials with excellent properties such as thermal stability and high swelling
ratio are generally organic macromolecule composites with inorganic materials such as
nanoparticles with nanoscale size and high surface area [23].

AAc acid and AAm are among the main monomers used in the preparation and
production of commercial hydrogels. These monomers are common materials for preparing
absorbent materials in industry due to their desired swelling properties. AAms as a small
molecular weight are the most commonly used hydrogels [24]. Aam-based hydrogels show
significant volume transition in response to external (physical and chemical) stimuli [3].
Propenoic acid or AAc monomer is crosslinked in the single or multi-component poly-
merization system to produce hydrogels with high water absorbing capacity. AAc has the
ability of connection to the vinyl group due to its carboxylic acid group. The presence of
this ionizable carboxylic acid group aids in increasing the ionic strength and sensitivity
to the pH of the prepared hydrogel samples. Meanwhile, AAc monomers are used with
a combination of some other polymers such as polyacrylamide to synthesize different
forms of hydrogels [3,25]. In recent years, nanocomposites, which consist of polymers
and nanomaterials, gained considerable attention due to synergistic effects among their
components. The presence of nanomaterials in nanocomposite could result in superior
properties such as high mechanical strength, good barrier properties, improved thermal
stability, and so on [26]. Among the nanocomposites, polymer/nano-SiO2 nanocompos-
ites have attracted much attention due to the large surface area and smooth surface of
nano-SiO2 particles. The presence of silanol and siloxane groups on the nano-SiO2 surface
lead to the improvement of particles’ hydrophilicity, which promote the compatibility
with polymer chains. In addition, nano-SiO2 can function as structure and morphology
directors in nanocomposite synthesis. The results of many studies have indicated that the
performance of nanocomposite material could be considerably improved by combination or
copolymerization with a functional monomer containing nano-SiO2 [27]. The nanocompos-
ite materials containing nano-SiO2 such as nylon 6 [28], polyaniline [29], styrene butadiene
rubber [30], polyimide [31], polyethylene terephthalate [32], may show more satisfactory
thermal stability, toughness, and strength.

Nanocomposite systems can be synthesized by various synthesis routes, thanks to the
ability to combine different ways to introduce each phase. The organic component can be
introduced as (1) a precursor, which can be a monomer or an oligomer, (2) a preformed
linear polymer in solution, emulsion, or molten states, or (3) a polymer network, chemically
or physically cross-linked. The mineral part can be introduced as (1) a precursor for
example tetraethylorthosilicate (TEOS) or (2) preformed nanoparticles. Organic or inorganic
polymerization generally becomes necessary if at least one of the starting materials is a
precursor. This leads to three general techniques for the preparation of polymer/SiO2
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nanocomposites according to the starting materials and processing methods: blending,
sol-gel processes, and in situ polymerization [27].

In the following article, we mainly focus on the preparation of microgels containing
nano-SiO2 with in situ copolymerisation of acrylic acid (AAc) and acrylamide (AAm) as
monomers and methylene-bis-acrylamide (MBA) as a crosslinking agent in the presence
of nano-SiO2 particles. The effect of vinyl functionalization of nano-SiO2 with vinyltri-
ethoxysilane on some properties of the prepared microgel samples, such as morphology,
thermal stability, glass transition and swelling degree, was also investigated. The grafting
mechanism, including the proposed structure of the synthesized samples and a schematic
representation of the method for the synthesis of microgel samples and copolymeric hydro-
gel are shown in Schemes 1–3. In addition, in this work, synthesis, characterization and
swelling studies of copolymeric hydrogel-based on poly (acrylamide) and poly (acrylic
acid) have been carried out. The novelty of this research is simple preparation and investi-
gation of surface modification of nano-SiO2 on microgel particles’ morphology and their
swelling properties.
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2. Experimental Section
2.1. Materials

Acrylamide (C3H5NO, AAm, Merck, Darmstadt, Germany, purity: ≥99%), acrylic acid
(C3H4O2, AA, Merck, Darmstadt, Germany, purity: ≥99%) and N,N′-methylenebis(acrylamide)
(C7H10N2O2, MBA, Sigma-Aldrich, St. Louis, MO, USA, purity: ≥99%), potassium per-
sulfate (K2S2O8, KPS, Panreac Química, Barcelona, Spain, purity: ≥98%), sodium dode-
cyl sulfate (SDS, Merck, Germany, purity: ≥90%), nanosilica particles (SiO2, Us Nano,
Houston, TX, USA, purity: ≥99%), hydrochloric acid (HCl, Merck, Darmstadt, Ger-
many, purity = 37%), vinyltriethoxysilane (NaC12H25SO4,VTES, Energy Chemical, Shang-
hai, China, purity: ≥98%), ammonia (NH4OH, Merck, Germany, purity = 25%), ethanol
(C2H6O, Merck, Germany, purity = 99.99%) and distilled water were used in current research.

2.2. Synthesis of Nanosilica Functional Monomer

According to Scheme 1, a 1 g sample of nano-SiO2 particles was dispersed in 50 mL
of hydrochloric acid, HCl aqueous solution (5%, v/v) in a 250 mL beaker. The solution
was left stirred for 1 h at room temperature. The activated nanoparticles were obtained
by centrifugation of solution, washing with distilled water and vacuum drying at room
temperature. Then activated nano-SiO2 (1 g) was added into the stirred solution of ethanol
(60 mL), distilled water (10 mL) and ammonia (1.0 mL) in the round-bottom flask. The
mixture was sonicated (24 kHz) for 30 min to better disperse of the nanoparticles. Then,
1.0 mL of vinyltriethoxysilane was added into the stirred solution. The reaction was started
at 30 ± 2 ◦C and stopped after 12 h. The product was nanosilica functional monomer
(silane-modified nano-SiO2) which was separated by centrifugation and washed with
distilled water.

2.3. Synthesis of Core—Shell Microgels

The above synthesized nanosilica functional monomer was used as a seed (core) for
the synthesis of the AAm/AAc/nanosilica core-shell microgel (Scheme 1). In addition, the
nano-SiO2 particles were used in the preparation of AAm/AAc/nano-SiO2 nanocomposite
microgel (Scheme 2). For the synthesis of the AAm/AAc/nanosilica core-shell microgel,
firstly, nanosilica functional monomer (500 mg) was dispersed in 100 mL of distilled
water by ultrasonic waves (24 kHz) for 30 min. Then, AAm (3.5 g, 49.24 mM), AAc
(1.5 g, 20.81 mM), MBA (0.54 g, 3.50 mM ∼= 5% of total monomers) and KPS (198.8 mg,
0.736 mM ∼= 1% of total monomers) as radical polymerization initiator were added to the
prepared nanosilica functional monomer aqueous solution and the reaction started at
65 ± 2 ◦C under stirring conditions and the inert gas, nitrogen (N2) atmosphere. After 4 h
the reaction was stopped.

2.4. Synthesis of Nanocomposite Microgels

An in situ free radical polymerization technique was used to synthesize AAm/AAc/
nano-SiO2 nanocomposite microgel. For the synthesis of the nanocomposite microgel
sample, 500 mg of nano-SiO2 particles (without surface activation and modification) was
poured into 100 mL of distilled water and sonicated to better aid the dispersion and then
SDS surfactant (25 mg) was added to help the stabilization of the dispersed nano-SiO2
particles. After preparation of the nano-SiO2 colloidal solution, 3.5 g AAm (49.24 mM) and
1.5 mg AAc (20.81 mM) as comonomer, 0.54 g MBA (3.50 mM ∼= 5% of total monomers) as
crosslinking agent, 198.8 mg KPS (0.736 mM ∼= 1% of total monomers) as polymerization
initiator were also added to it. The obtained mixture was stirred at 65 ± 2 ◦C under the
inert gas, nitrogen (N2) atmosphere. The reaction was complete after 4 h.

2.5. Prepration of Polyacrylamide and Copolymeric Hydrogel

The copolymerization of AAm/AAc in the presence of MBA crosslinker and the ab-
sence of nano-SiO2 and the nanosilica functional monomer was carried out by using the
method and values mentioned in the previous section. To study the water uptake, all syn-
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thesized products dried after ethanol washing. Then, they were crushed and sieved to get
uniform particle sizes. In addition, the same process was applied to prepare homopolymer
hydrogel based on polyacrylamide (PAAm).

2.6. Dynamic Swelling Studies

The pulverized hydrogel, nanocomposite and core-shell microgels in the uniform
particle sizes were washed with distilled water and ethanol to remove unreacted starting
materials, free oligomers, free polymer and copolymer chains and ungrafted nano-SiO2
particles. The dynamic swelling experiment was performed by measuring the water weight
of the dried samples. A small amount of superabsorbent samples was taken (0.1 g) and
placed in the three beakers. Then, 500 mL of aqueous buffer solution was poured into the
beakers. After 5 min the swollen samples were separated by using a filter and then the
wet weight was measured carefully. The weight gain as a function of time was taken as
the swelling measurement. According to the following Equation (1), the swelling ratio was
expressed as the percent weight ratio of the water held in the hydrogel to the dry sample at
any instant during swelling.

Swelling ratio (%) =
Wt −Wd

Wd
× 100 (1)

where Wt and Wd are the weight of the swollen sample at time t and the weight of the dry
sample at time 0, respectively.

2.7. Methods

After coating the samples with gold film (thickness ∼= 10 nanometers) to obtain a good
quality image because the polymers prepared here are not conductive, the morphology of
the freeze-dried samples of homopolymer hydrogel, copolymeric hydrogel, nanocomposite
and core-shell microgels were examined by a field emission scanning electron microscope
(FESEM, Hitachi model S-4160,Daypetronic Company, Tokyo, Japan) at magnifications of
100,000× g and 70,000× g. Nano-SiO2 particles were viewed using a Zeiss Leo 906 (Carl
Zeiss Inc., Jena, Germany) transmission electron microscope (TEM) at a magnification of
100,000× g. The FTIR spectra of synthesized samples were recorded on Tensor 27 FTIR
spectrometers (Bruker Optik GmbH, Ettlingen, Germany) using KBr discs and under
strictly constant conditions in the region of 400–4000 cm−1. About 5.3 mg of the dry
samples were taken and thermogravimetric analysis (TGA)/derivative thermogravimetry
(DTG) testing was conducted using an STA409C131F thermogravimetric analyzer (TGA,
NETZSCH Company, Germany) in a temperature range of 30 ◦C–620 ◦C under the inert gas.
In addition, the thermal behavior of samples was determined using a differential scanning
calorimeter (DSC-200F3, NETZSCH Company, Germany). Around 4 mg of each sample
encapsulated in an aluminum pan. Then the pan was heated from 25 to 200 ◦C at a heating
rate of 10 ◦C/min under nitrogen purge to measure their glass transition temperature (Tg)
according to ASTM 3418-15 standard.

3. Results and Discussion
3.1. Morphological Studies

One of the substantial features of the microgels and hydrogels is their morphologies,
which determine their applications and crucial properties such as porosity, water perme-
ation and swelling capacity. TEM results of the nano-SiO2 particles are shown in Figure 1.
According to TEM image shown in Figure 1, the mean size of the particles was 23 ± 4.6 nm
and no particle aggregation was observed.
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Figure 1. TEM image and bar graphs of diameter ranges of nano-SiO2.

As shown in Figure 2, the copolymerization of AAm and AAc in the presence of MBA
crosslinking agent and the absence of nano-SiO2 particles resulted in conventional hydrogel
formation. The FESEM micrographs of freeze-dried copolymeric hydrogel showed the high
porosity and 3D interconnected microstructures like other reported polymeric hydrogel
structures. The porosity formation and interconnectivity of the microchannels in the
hydrogel structures could be assigned to the crosslinking polymerization in the presence
of solvent that dissolves the monomers, but causes precipitation of the formed polymer.
Either bulk or solution polymerization can synthesize the hydrogel material. However,
bulk polymerization yields a glassy and optically transparent gel with no porosity. In
contrast, the solution polymerization produces a hydrogel with porous structures.
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As described in the experimental section, when nano-SiO2 particles were added to the
AAm/AAc copolymerization system, the microstructure and morphology of products were
obviously changed from porous hydrogel to nanocomposite microgel with cauliflower-like
morphology as shown in Figure 3. FESEM micrographs of the nanocomposite microgel
indicated the homogenous dispersion and uniform distribution of the nano-SiO2 parti-
cles in the AAm/AAc copolymer matrix and most of the nanoparticles are individual
and some of them are observable at the surface of the nanocomposite microgel sample.
Although the results showed that the AAm/AAc copolymer chains were grafted on the
nano-SiO2 particles and covalent bonding formed between them. However, the synthesis
of AAm/AAc copolymer containing nano-SiO2 particles did not result in the formation
of complete core-shell morphology. The formation of this special micro-nano structures
and the resulting morphology demonstrated that the nano-SiO2 particles have also had a
co-crosslinking role and have helped three-dimensional structure formation. It is worth
mentioning that elimination of MBA crosslinking agent from this copolymerization system,
the resulting product did not exhibit any hydrogel properties and a copolymeric solution
with very low gel content achieved.
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The FESEM image of Figure 4 reveals that the copolymerization of AAm and AAc
monomores with nanosilica functional monomer or polymerizable nanosilica particle as
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seed led to core-shell structure. These results demonstrated that a polymerizable vinyl
group on nano-SiO2 particles not only have worked as a co-crosslinking agent but also as
seed have controlled the copolymerization and the product morphology. Core-shell mor-
phology development and shell growth can be summarized as follows. The polymerization
of hydrophilic AAm and AAc monomers started from the surface of the vinyl modified
nano-SiO2 to form an oligomer chain containing shell. During the copolymerization and
growth of shell, the propagating copolymer of AAm and AAc anchored on the surface
of the nano-SiO2 and led to the appearance of core–shell structure. In addition, the ag-
gregation of particles to form core–shell clusters can be attributed to this fact that with
growth of a shell layer on the seeds. The adjacent core-shell particles are connected to each
other by growing and living chains of AAm/AAc copolymer. Furthermore, as shown in
Figure 5, the synthesized homopolymer hydrogel of PAAm did not have any porosity in
the FESEM micrographs.
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3.2. FTIR Analysis

The characterization of chemical structure of synthesized samples was carried out
by FTIR analysis. The spectra of nano-SiO2 particles, poly (acrylic acid) (PAAc), PAAm,
copolymeric hydrogel of AAm and AAc, nanosilica functional monomer, nanocomposite
microgel with cauliflower-like morphology and core-shell microgel were compared and the
corresponding results are depicted in Figure 6. The structure of pure PAA was confirmed
by absorptions at ν = 3302 cm−1 (–OH hydroxyl groups) and ν = 1658 cm−1 (–C=O
carbonyl groups). The peaks at about 1159 cm−1 are attributed to –CO in –COOH of
PAA. The characteristic absorption bands of pure PAAm were observed at 3445 cm−1 and
1540 cm−1 for the N–H and 1639 cm−1 for the C=O carbonyl group in the structure of the
amide group. In the spectrum of the AAm/AAc copolymer hydrogel, the peak observed
at 3422 cm−1 corresponds to N-H and O-H stretching. The absorbance at 2921 cm−1 is
assigned to –C-H stretching of the acrylate group. The peak at 1542 cm−1 and at 1661 cm−1

are assigned to C=O stretching of the acrylamid groups and acrylate groups, respectively.
These absorbance bands in the AAm/AAc copolymer indicated the successful synthesis
of copolymeric hydrogel based on PAAm and PAAc. In addition, in Figure 6, the weak
bands at 3400 and 1637 cm−1 are due to the O–H group on the surface of nano-SiO2, and
the strong peak observed at 1100 cm−1 in the nano-SiO2 spectrum is due to the Si-O-Si
bonds. Additionally, the bands at 471 cm−1 and 814 cm−1 in nano-SiO2 spectrum represent
Si-O bending vibration and stretching vibration, respectively. The strong peak at 3300 to
3400 cm−1 and the new peak at 3025 cm−1 corresponded to large numbers of Si-O-H group
and =CH stretching vibrations in nano-SiO2 functional monomer, respectively, which was
appeared after the surface modification of nano- SiO2 particles. Furthermore, the absorption
peak at 654 cm−1 is due to the stretching vibrations of Si–C in the structure of microgel with
cauliflower-like morphology and core-shell microgel. This suggests that the copolymeric
chains of PAAc and PAAm was chemically bonded to the surface of the nano-SiO2 particles.

Materials 2022, 15, x FOR PEER REVIEW 10 of 16 
 

 

3.2. FTIR Analysis 
The characterization of chemical structure of synthesized samples was carried out by 

FTIR analysis. The spectra of nano-SiO2 particles, poly (acrylic acid) (PAAc), PAAm, co-
polymeric hydrogel of AAm and AAc, nanosilica functional monomer, nanocomposite 
microgel with cauliflower-like morphology and core-shell microgel were compared and 
the corresponding results are depicted in Figure 6. The structure of pure PAA was con-
firmed by absorptions at ν = 3302 cm−1 (–OH hydroxyl groups) and ν = 1658 cm−1 (–C=O 
carbonyl groups). The peaks at about 1159 cm−1 are attributed to –CO in –COOH of PAA. 
The characteristic absorption bands of pure PAAm were observed at 3445 cm−1 and 1540 
cm−1 for the N–H and 1639 cm−1 for the C=O carbonyl group in the structure of the amide 
group. In the spectrum of the AAm/AAc copolymer hydrogel, the peak observed at 3422 
cm−1 corresponds to N-H and O-H stretching. The absorbance at 2921 cm−1 is assigned to 
–C-H stretching of the acrylate group. The peak at 1542 cm−1 and at 1661 cm−1 are assigned 
to C=O stretching of the acrylamid groups and acrylate groups, respectively. These ab-
sorbance bands in the AAm/AAc copolymer indicated the successful synthesis of copoly-
meric hydrogel based on PAAm and PAAc. In addition, in Figure 6, the weak bands at 
3400 and 1637 cm−1 are due to the O–H group on the surface of nano-SiO2, and the strong 
peak observed at 1100 cm−1 in the nano-SiO2 spectrum is due to the Si-O-Si bonds. Addi-
tionally, the bands at 471 cm−1 and 814 cm−1 in nano-SiO2 spectrum represent Si-O bending 
vibration and stretching vibration, respectively. The strong peak at 3300 to 3400 cm−1 and 
the new peak at 3025 cm−1 corresponded to large numbers of Si-O-H group and =CH 
stretching vibrations in nano-SiO2 functional monomer, respectively, which was appeared 
after the surface modification of nano- SiO2 particles. Furthermore, the absorption peak at 
654 cm−1 is due to the stretching vibrations of Si–C in the structure of microgel with cauli-
flower-like morphology and core-shell microgel. This suggests that the copolymeric 
chains of PAAc and PAAm was chemically bonded to the surface of the nano-SiO2 parti-
cles. 

 
Figure 6. FTIR spectra for: PAAm (a), copolymeric hydrogel (b), PAAc (c), nanocomposite microgel 
(d), core-shell microgel (e), nano- SiO2 functional monomer (f), nano- SiO2 particles (g). 
Figure 6. FTIR spectra for: PAAm (a), copolymeric hydrogel (b), PAAc (c), nanocomposite microgel
(d), core-shell microgel (e), nano- SiO2 functional monomer (f), nano- SiO2 particles (g).

84



Materials 2022, 15, 4782

3.3. Thermal Stability Analysis

Thermal stability of synthesized copolymeric hydrogel and microgel samples were
investigated by TGA/DTG at 30–620 ◦C with N2 in the inert atmosphere. Representative
TG thermograms of samples along with derivative thermograms (DTG) curve are shown
in Figure 7. It is clearly seen from Figure 6 that the weight of the samples continuously
decreases as the temperature increases. According to these TGA profiles, three stages of
weight loss were observed for both samples of microgels (nanocomposite and core-shell)
and two stages of weight loss was seen for copolymeric hydrogel. For both copolymeric
hydrogel and microgels, minor weight loss was observed at temperatures less than 240 ◦C.
These weight losses can be attributed to the anhydride formation and the evaporation of
volatile solvent or entrapped water in the structure of samples [33]. The second stage of
thermal degradation as the main weight loss was observed at 340 ◦C for the copolymeric
hydrogel, 374 ◦C for the microgel with cauliflower-like morphology and 378 ◦C for the
core-shell microgel. This was assigned to the thermal decomposition of the functional
groups in the three copolymeric samples (amide groups in AAm and carboxyl groups
in AAc). The final decomposition stage of thermal degradation of the samples at high
temperatures can be attributed to the degradation of the C–C bonds in the side and main
chain of these three copolymeric samples and destroying of their structures [34].
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The results showed that the addition of nanosilica particles increased the thermal
stability of the microgel samples. At 600 ◦C, the residual weight percent of copolymeric
hydrogels (without the addition of nanosilica particles) was 29.3%. The residual weight
percent of the nanocomposite microgel with cauliflower-like morphology was 33.3%. The
residual weight percent of core-shell microgel was 31.6%. Briefly, these results indicated
that the presence of nanosilica particles resulted in the improvement of the thermal stability
of microgel samples compared to pure copolymer.

The differential scanning calorimetry (DSC) analysis of the copolymeric hydrogel and
microgel samples are shown in Figure 8. The endothermic peaks in the DSC curves of the
three samples correspond to their glass transition temperature (Tg) and volatilization of
bound water. For pure copolymeric hydrogel, the glass transition temperature is observed
around 88 ◦C. The Tg of nanocomposite microgel with cauliflower-like morphology and
core-shell microgel are about 91 and 96, respectively. It is clear that all samples as a random
copolymer exhibit only one Tg. The occurrence of a single peak (Tg) can be attributed to
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the miscibility between PAAm and PAAc and the formation intermolecular H-bonding
between these polymers. Furthermore, the addition of the nano-SiO2 particles shifts the Tg
of samples slightly to high temperatures resulting in more stable samples. Because there are
attractive forces and covalent bonds between the nanosilica and copolymer and the graft
and adsorption of copolymer chains on the nanosilica surface decreases their mobility. In
addition, the endothermic processes of the samples from 240 ◦C to 262 ◦C can be attributed
to the volatilization of bound water in the hydrophilic structure of samples.
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3.4. Swelling Studies

In order to study the swelling behavior, samples were allowed to swell to equilibrium
in buffer solution of pH 7.4 at a room temperature and the swelling kinetics of these
samples were investigated. The dynamic swelling behavior of the samples are shown in
Figure 9. As can be seen from their swelling behavior in this figure, the swelling of samples
increases with time until a certain point when it becomes constant. These constant values
are taken as the equilibrium swelling and are 333% for the copolymeric hydrogel, 405%
for the microgel with cauliflower-like morphology and 430% for the core-shell microgel.
The ability of water absorbency of the samples prepared in this study arises from the two
hydrophilic functional groups, -COOH of the AAc and -CONH2 of the AAm units attached
to the copolymeric backbone of these samples. While the resistance of these samples
with many hydrophilic functional groups to dissolution arises from the presence of the
MBA crosslinker and three-dimensional network structure. It is well known that PAAm
is nonionic and insensitive to pH of the medium but PAAc is a pH- sensitive polymer.
All our samples formed by the homogenous copolymer of AAc and AAm with MBA as a
crosslinker where the carboxylic acidic groups of AA which bound to the copolymer chains
made the samples pH sensitive. Thus, at a pH lower than the dissociation constant, pKa of
PAAc (about 4.3) the degree of ionization of the carboxylic acid group is small and most of
them are in –COOH form which can form a hydrogen bond with -COONH2 side groups of
AAm units leading to shrinking of hydrogel or microgel samples. In contrast, at neutral
or basic pH (or pH greater than 4.3) such as a pH value of 7.4 in this study, AAc units in
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backbone of prepared copolymeric samples are negatively charged due to the ionization and
the deprotonation of COOH groups. Thus, all AAc/AAm copolymeric samples resulted
in expansion of networks and swell to a great degree at this pH condition (pH = 7.4)
because of the electrostatic repulsion among the carboxylate anions (–COO–). Meanwhile,
as shown in Figure 2, the copolymeric hydrogels show a porous network structure in
character that makes it easier for water to diffuse in or out of the gel matrix. The porosity
that itself has a great influence on swelling behavior can be generated by electrostatic
repulsive forces among the similarly charged carboxyl groups along copolymeric segments
during the copolymerization process. Whereas as shown in Figure 5 there are no porosity
in the FESEM micrographs of homopolymer hydrogel of PAAm and it has a relatively
dense structure. In addition, from the swelling plots in Figure 8, it is clear that the water
absorbency of the microgel samples is much more than the copolymeric hydrogel.
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According to the morphology study and the FESEM results in Figures 2–4, particulate
character of microgels and the existence of long distance among aggregations of particles
lead to rapid swelling and the increase of porosity and therefore increasing the degree of
swelling. The differences in the kinetics of swelling for the core-shell microgel and the
nanocomposite microgel can be attributed to this fact that according to Schemes 1 and 2
nanosilica functional monomer as seed have not been played as crosslinking agent between
chains and particles but nano-SiO2 particles in the nanocomposite microgel have had the
crosslinking role. As a result, the swelling rate of the core-shell microgel was similar to
the copolymeric hydrogel due to a similar degree of crosslinking and chemical similarity
of the shell and copolymeric sample. The high swelling rate and low swelling ratio of
nanocomposite microgel in comparison with the core-shell microgel could be because of
the smaller particles and high degree of crosslinking, respectively.

4. Conclusions

Synthesis, characterization, and morphological, structural and swelling studies of
novel microgels containing nano-SiO2 and copolymeric hydrogel based on PAAm and PAAc
was successfully conducted. The FESEM micrograph of freeze-dried copolymeric hydrogel
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show the high porosity and 3D interconnected microstructures. The interconnectivity of the
microchannels in the hydrogel structures could be assigned to the MBA crosslinking of poly
(AAm-co-AAc) chains. It was found that introducing only a small amount of nanosilica
into the copolymerization system can change the morphology of products from porous
hydrogel (hydrogel particle). The presence of silanol and siloxane groups on the nano-SiO2
surface led to better control of morphology of the microgel and formation of complete
core-shell due to hydrophilicity, compatibility and because of polymerizable vinyl group
of VTES on nanosilica particles. TGA revealed that the presence of nanosilica particles in
nanocomposite microgel with cauliflower-like morphology and core-shell microgel resulted
in the improvement of the thermal stability compared to copolymeric hydrogel. The glass
transition temperature (Tg) for pure copolymeric hydrogel, nanocomposite microgel and
core-shell microgel were observed by DSC around 88, 91 and 96 ◦C, respectively. In
addition, water absorbency of the microgel samples was much more than copolymeric
hydrogel due to their particulate character. High swelling rate and low swelling ratio of
nanocomposite microgel in comparison with the core-shell microgel could be because of
the smaller particles and high degree of crosslinking, respectively.
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Abstract: In this work, eco-sustainable blown films with improved performance, suitable for
flexible packaging applications requiring high ductility, were developed and characterized. Films
were made by blending two bioplastics with complementary properties—the ductile and flexible
poly(butylene-adipate-co-terephthalate) (PBAT) and the rigid and brittle poly(lactic acid) (PLA)—at a
60/40 mass ratio. With the aim of improving the blends’ performance, the effects of two types of
PLA, differing for viscosity and stereoregularity, and the addition of a commercial polymer chain
extender (Joncryl®), were analyzed. The use of the PLA with a viscosity ratio closer to PBAT and
lower stereoregularity led to a finer morphology and better interfacial adhesion between the phases,
and the addition of the chain extender further reduced the size of the dispersed phase domains,
with beneficial effects on the mechanical response of the produced films. The best system composition,
made by the blend of PBAT, amorphous PLA, and the compatibilizer, proved to have improved
mechanical properties, with a good balance between stiffness and ductility and also good transparency
and sealability, which are desirable features for flexible packaging applications.

Keywords: biodegradable polymers; PBAT/PLA; blown films; food packaging; toughness

1. Introduction

Currently, the packaging sector is among the major consumers of plastic materials and, in this
field, conventional non-biodegradable polymers are widely employed for their desirable properties.
However, they become a major source of waste after use due to their poor biodegradability. Therefore,
the use of biodegradable polymers for packaging applications represent an effective strategy to decrease
the quantity of plastics waste sent to landfill and facilitate bio-waste collection and organic recycling,
therefore reducing the plastics disposal problems [1–3].

Poly(butylene adipate-co-terephthalate) (PBAT) is a biodegradable random copolymer, consisting
of aromatic and aliphatic chains. Among biodegradable polymers, it stands out for its very high
ductility and flexibility, which make PBAT particularly interesting for packaging applications such
as plastic bags and wraps. However, its poor stiffness, low transparency, and low seal strength until
now have limited its use [4]. In this context, the melt blending of PBAT with another bioplastic
could represent an effective and economic way to improve its properties without compromising
its biodegradability. Poly(lactic acid) (PLA), is a bio-based and biodegradable polyester with good
processability and interesting properties in the packaging field that could also be customized by
varying the relative content of the D and L isomers [5,6]. It has high transparency and complementary
mechanical properties to PBAT, exhibiting high stiffness but also high brittleness [7,8]. Therefore,
the melt blending of these two polymers, by varying the mass ratio of PLA and PBAT in the blend,
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can be a useful strategy to modulate and tailor the performance of the final product from a rigid
and brittle material (100% PLA) to a ductile and flexible one (100% PBAT) [9]. Several authors have
explored this possibility, mainly with the aim to reduce the brittleness of blends having PLA as a
matrix phase, obtaining interesting advantages in terms of the mechanical performances of such
blends. Commercial examples of PLA- and PBAT-based blends are already available on the market
under the trade name of Ecovio; however, their high price limits the diffusion of these materials on a
large-scale [10]. Furthermore, since the exact composition of these blends is confidential, the study
of the factors affecting PLA/PBAT blends properties can be of great importance in order to further
enhance their performance, therefore improving their diffusion in the large-scale market. In this
context, since PLA and PBAT are not thermodynamically miscible, although they have very close
solubility parameters, researchers have also evidenced the necessity to control the morphology and the
interfacial adhesion between the phases in order to gain optimized properties of the final product [11].

Among the different strategies, the incorporation of multifunctional chain extenders containing
epoxy groups proved to be an effective way to improve the compatibility between these polymers [12–16].
Joncryl® is a commercial food-grade multifunctional epoxy chain extender, specifically designed for
biodegradable polymers and PET. Its compatibilization and chain extension mechanisms are obtained
by the formation of in situ block copolymers, through the reaction of the epoxy groups with the
terminal groups of polyesters, specifically by epoxy ring-opening and subsequent hydrogen abstraction
from hydroxyl and carboxylic acid groups [17,18]. The average number of epoxy groups per chains
(functionality), which usually ranges between 4 and 9, influence the final branching degree of the
formed copolymer and therefore, the processability of the final system, as previously reported [18].

Several studies, performed on PBAT/PLA blends with PLA as a matrix phase, demonstrated that
the incorporation of this chain extender, at concentrations ranging from 0.25 to 1 wt %, leading to
the formation of extended and branched chains and, at the same time, to the formation of a
PLA–Joncryl–PBAT copolymer, which is placed at the interface between the two phases, thus enhancing
the interfacial adhesion [19,20] and the final performances of the resulting blends [20–23]. However,
few works deal with the effect of Joncryl® in blends with PBAT as a matrix phase and the results
reported in the literature have not shown a relevant improvement of the mechanical properties of the
resulting systems [24–27].

Moreover, other strategies could also be adopted in order to improve the performance of immiscible
blends. In fact, it is widely known that, among several factors, the stereoregularity of a component
polymer and the relative viscosity of the two phases can considerably affect the compatibility and
the properties of blend systems, as demonstrated for several conventional and biodegradable blend
systems [28–30]. As regards PLA and PBAT blends, the effect of PLA tacticity on the blend performance
has not been considered until now, and the effect of the viscosity ratio was evaluated only by Lu
et al. [31]. They observed that in blends made by dispersed PBAT in the PLA matrix (PBAT/PLA
30/70 w/w), an increase in the dispersed phase/matrix viscosity ratio led to an increase in size of PBAT
domains and to a decrease in the interfacial tension between the two polymers. However, also in this
case, there are no studies on the effect of the viscosity ratio for blends of PLA and PBAT in which PBAT
is the matrix phase.

In this work, we focused our attention on PBAT/PLA blends with a high content of PBAT:
these systems could be of great importance for applications where high ductility is required, such as
packaging applications at low storage temperature, as demonstrated in our previous work [9].
In particular, here, we intend to investigate the effects of both PLA stereoregularity and PLA/PBAT
relative viscosity on the morphology and properties of blend systems, in which PBAT is the matrix
phase. To this aim, two commercial types of PLA, with different viscosities and stereoregularity,
have been used as blend constituents. Moreover, the effect of the addition of Joncryl® chain extender
on the developed morphologies and properties of the produced films was also considered.

92



Materials 2020, 13, 5395

2. Materials and Methods

2.1. Materials

PLA 4032D (semicrystalline, D-isomer content = 1.5 wt %, Mw ~241,700 g/mol, specific gravity
= 1.24 g/cm3, Tm = 155–170 ◦C), named as PLA1, and PLA 4060D (amorphous, D-isomer content
= 12 wt %, Mw ~190,000 g/mol, specific gravity = 1.24 g/cm3), named as PLA2, were supplied by
NatureWorks LLC (Minnetonka, MN USA). Ecoworld PBAT 009 (density = 1.26 g/cm3, Tm = 110–120 ◦C),
composed of 29 wt % of adipic acid, 26 wt % of terephthalic acid, and 45 wt % of 1,4-butanediol,
was manufactured by Jin Hui Zhaolong (Lüliang, China). A multifunctional epoxy chain extender
named as Joncryl ADR-4368C (referred to as Joncryl in the following), with Mw = 6800 g/mol,
epoxy equivalent weight = 285 g/mol, and functionality >4, was supplied by BASF (Ludwigshafen,
Germany). All the materials comply with USA FDA and EU regulations for food contact.

2.2. Preparation of the Films

PLA1, PLA2, and PBAT pellets were dried under vacuum at 70 ◦C for 16 h prior to processing.
The polymers and the chain extender were mixed at the compositions reported in Table 1. Each mixture
was melt blended in a Collin ZK25 co-rotating twin-screw extruder (COLLIN Lab & Pilot Solutions
GmbH, Maitenbeth, Germany, D = 25 mm, L/D = 42) at a constant speed of 100 rpm (mass flow
equal to 51–53 g/min) and with a temperature profile ranging from 140 to 180 ◦C from the hopper
to the die. Then, the neat polymers and the two blends were dried under vacuum at 70 ◦C for 16 h
before processing. In order to ensure a homogeneous distribution of the material in the extruder head,
the blown films were prepared using two extruders GIMAC (Caserta, Italy, D = 12 mm, L/D = 24) of a
multilayer co-extrusion blown film plant. The processing temperature at different zones was set from
190 to 135 ◦C, the screw speed was 25 rpm (mass flow equal to 17–18 g/min), and the take-up speed
was 3 m/min. Films were produced with a blow-up ratio (BUR) and a take-up ratio (TUR) equal to
1.7 and 20, respectively, and an average thickness of 23 ± 0.8 µm.

Table 1. Blends compositions.

Sample PBAT Content (phr) PLA 4032 Content (phr) PLA 4060 Content (phr) Joncryl Content (phr)

PBAT 100 - - -
PLA1 - 100 - -
PLA2 - - 100 -

PBAT/PLA1 60 40 - -
PBAT/PLA1 + J 60 40 - 1

PBAT/PLA2 60 - 40 -
PBAT/PLA2 + J 60 - 40 1

2.3. Films Characterization

The rheological properties in oscillatory mode of the extruded pellets of the neat materials and the
blends were measured using an ARES rotational rheometer (Rheometrics, Inc., Piscataway, NJ, USA).
Samples were dried under vacuum at 70 ◦C for 16 h prior to testing. Tests were performed with a
parallel-plate geometry (d = 25 mm) with a gap of 1mm at 180 ◦C under a nitrogen atmosphere. A strain
sweep test was initially conducted to guarantee the linear viscoelastic regime for each formulation.
Thus, all the frequency sweep tests were performed with a strain equal to 5% and with a frequency
ranging from 0.1 to 100 rad/s.

The morphology of the blends was analyzed using a field emission scanning electron microscope
(FESEM) (LEO 1525 model, Carl Zeiss SMT AG, Oberkochen, Germany). First, film samples were
cryo-fractured and then, coated with a thin gold layer (Agar Auto Sputter Coater mod. 108 A, Stansted,
UK) at 30 mA for 160 s to improve their conductivity. After, their cross sections parallel to the transversal
direction (TD) were scanned by FESEM.
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Thermal analysis was carried out using a Differential Scanning Calorimeter (DSC mod. 822,
Mettler Toledo, Columbus, OH, USA) under a nitrogen gas flow (100 mL/min). Three scans were
performed; samples were heated from −70 to 200 ◦C with a speed of 10 ◦C/min and held at 200 ◦C
for 5 min. After, they were cooled at −70 at 10 ◦C/min and heated again to 200 ◦C at 10 ◦C/min.
The crystallinity degree of PLA, Xc, was calculated as follows:

Xc = (∆Hm − ∆Hcc)/(∆Hm0 × ϕi) × 100 (1)

where ∆Hm and ∆Hcc (J/g) are the heat of melting and heat of cold crystallization, respectively, ∆Hm0 is
equal to 93.6 J/g [9] for PLA, and ϕi is the relative weight fraction of PLA in the blend.

Tensile testing of the blown films was performed on a SANS dynamometer equipped with a 100 N
load cell. The rectangular shape specimens (width = 12.7 mm and length = 30 mm) were extended at a
crosshead speed set according to ASTM D822 standard [32]. The mechanical properties were evaluated
in the machine direction (MD). All the data are the average of at least ten measurements.

The transparency of the films was evaluated according to ASTM D1746-03 [33]. Films were cut into
rectangular shapes and placed on the internal side of a spectrophotometer cell. Then, the transmittance
was measured using a UV–vis spectrophotometer (Lambda 800, PerkinElmer, Waltham, MA, USA) at
560 nm. Three replicates of each film were tested. The percent transparency (TR) was calculated as
follows:

TR = Tr/T0 × 100 (2)

where Tr is the transmittance with the specimen in the beam and T0 is the transmittance with no
specimen in the beam.

Hot-tack strength was evaluated using a heat-sealing machine (mod. HSG-C by Brugger, Munich,
Germany) equipped with a Hot Tack Device. A pair of film ribbons with 15 mm width were fitted
between two heated bars and hot-pressed together at 80 N for 0.5 s, at 85 ◦C, according to ASTM
F1921 [34]. The hot-tack data were measured just after the films were heat-sealed and, while still hot,
they were pulled apart, recording the weight required to separate the two sealed surfaces. The result is
an average of three specimens.

3. Results and Discussion

3.1. Rheological Analysis

PBAT, PLA1, and PLA2 resins were submitted for rheological measurements in order to investigate
the differences in their flow behavior. The complex viscosity (η*) and storage modulus (G’) curves,
obtained at 180 ◦C, are compared in Figure 1a,b. The graphs of Figure 1 show that all the neat polymers
exhibit at low frequency a Newtonian plateau and a shear thinning behavior at higher ω values.
Both types of PLA have complex viscosity markedly higher than that of PBAT in the whole analyzed
frequency range. Moreover, PLA1 has higher viscosity and storage modulus than PLA2, as expected.
In fact, PLA1 has lower D-lactide content (higher stereoregularity), which increases the secondary
forces in the polymer melt, and higher molecular weight [35,36]. Computing the viscosity ratios
(i.e., viscosity of dispersed phase / viscosity of matrix phase) of the two pairs of polymer melts at
different frequencies, we obtained η*PLA1/η*PBAT from 5.4 (ω = 0.1 rad/s) to 4.8 (ω = 100 rad/s) and
η*PLA2/η*PBAT from 1.7 (ω = 0.1 rad/s) to 2.0 (ω = 100 rad/s). Differences in the viscosity values can
affect the morphology of the resulting blend system [29–31]. If the viscosity ratio of the melts is much
higher than one, a coarse morphology of the blend should be expected, while if it is close to one, it is
possible to achieve a finer morphology. Therefore, in this case, a better mixing can be supposed for the
blends with PLA2 than those with PLA1.
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Figure 1. (a) Complex viscosity and (b) Storage Modulus of the neat polymers.

The complex viscosity and storage modulus of the blends are reported in Figure 2a,b. Both the
uncompatibilized blends showed, at 0.1 rad/s, a complex viscosity between those of the respective
neat materials. Particularly, the PBAT/PLA2 blend had a lower complex viscosity with respect to
PBAT/PLA1 in all the analyzed frequency range, according to the different viscosities of the neat PLA
resins. Moreover, the first system also exhibited a more accentuated shear thinning behavior compared
to the second one and to the respective neat materials, which could be attributed to the occurrence
of reactions (e.g., transesterification) between PLA2 and PBAT, which resulted in a wider molecular
weight distribution [37,38].

Figure 2. (a) Complex viscosity and (b) storage modulus of the blends.

For both the blends, the addition of the chain extender resulted in an increase in the complex
viscosity values at all frequencies and in a strong enhancement of the shear thinning behavior,
as predictable from the literature [19–21]. It is widely known that zero-shear viscosity is related to
the molecular weight of the polymer and the enhanced shear thinning behavior is attributable to the
increase in chain branching and molecular weight distribution. Therefore, our rheological analysis
suggests that in the used processing conditions, the addition of the multifunctional epoxy compatibilizer
led to the formation of the PLA–Joncryl–PBAT copolymer, having an increased length and a more
branched structure compared to the PBAT and PLA in the uncompatibilized blends, as found also by
others in reactive extrusion experiments of PLA and PBAT with an epoxy compatibilizer [13,18,20].

As reported in Figure 2b, the storage modulus of PBAT/PLA1 blend was also higher with
respect to PBAT/PLA2, according to the storage modulus of the respective neat materials. However,
the PBAT/PLA1 blend exhibited a shoulder of G’ at low frequency values, which is due to the additional
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elastic response generated by the surface tension of the dispersed domains in the continuous matrix [9],
which suggests higher surface tension between PBAT and PLA1 with respect to PLA2.

The addition of the compatibilizer led to an increase in the storage moduli for both the systems,
which was more relevant for low frequency values, as a result of the longer relaxation times of the
compatibilized blends, which are owed by the formation of longer and more branched chains and to a
more entangled structure [19].

Moreover, the incorporation of Joncryl led to a reduction in the shoulder at low frequency observed
for the blend containing PLA1, therefore suggesting that the presence of the chain extender led to a
reduction in the surface tension between PLA1 and PBAT [15].

In Figure 3, the storage modulus is plotted versus the dissipative one for all the blended systems.

Figure 3. Plot of G’ versus G” for the blended systems.

It has been demonstrated that the plot of G’ versus G” can be used as a criterion of compatibility
of a blended system, since it gives composition-independent correlations for compatible blends and
composition-dependent correlations for incompatible blends [39]. According to this affirmation,
as reported in Figure 3, both the compatibilized systems showed the same correlation between G’
and G”, while the G’–G” correlations were not coincident for the un-compatibilized blends, which is
a further confirmation of the compatibilization effect of Joncryl. Moreover, the PBAT/PLA2 system
exhibited a G’–G” correlation closer to the compatibilized blend with respect to the PBAT/PLA1 one,
suggesting, together with the complex viscosity and storage modulus curves, a higher compatibility
between PLA2 and PBAT compared to PLA1.

3.2. Morphology

The effects of both the type of PLA and the incorporation of Joncryl compatibilizer on the
PBAT/PLA blend morphology were investigated by means of FESEM analysis. The images taken on
cryo-fractured film sections are reported in Figure 4. Both the uncompatibilized blends (Figure 4a,b)
showed the typical two-phase morphology of immiscible systems, with PLA domains dispersed in
the PBAT matrix with quite uniform distribution and average size. However, in the PBAT/PLA1
blend, the droplets had bigger dimensions (>2 µm) than in the PBAT/PLA2 one (<1 µm) and were
pulled out by cryo-fracturing, leaving empty cavities in the PBAT matrix. These findings are coherent
with the rheological results. In fact, since PLA2 has a complex viscosity closer to PBAT compared to
PLA1, it was possible to have, in the same process conditions, a better mixing for the blend containing
PLA2 that was traduced in a finer and more homogeneous morphology, with fewer and smaller voids
and a more ambiguous interface compared to the PBAT/PLA1 blend, indicative of a better interfacial
adhesion. Two factors can contribute to these findings. One is the formation of PLA–PBAT mixed
chains (copolymers) that can be generated during the melt blending of PBAT and PLA: the reaction is
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influenced by the melt viscosity ratio of the neat polymers and by their molecular mobility in the melt
state, as demonstrated by other authors [37]. The other is the lower stereoregularity of PLA2 compared
to PLA1. Because of this, PLA2 has a more flexible polymer chain; therefore, it can be hypothesized
that the higher segmental mobility may enhance the polar group accessibility, consequently increasing
the possibility of hydrogen bonding to PBAT. Additional analyses are necessary to clarify this point,
which will be investigated in further work.

Figure 4. SEM picture of the fracture surfaces of (a) PBAT/PLA1, (b) PBAT/PLA2, (c) PBAT/PLA1 + J,
and (d) PBAT/PLA2 + J.

Both the compatibilized blends (Figure 4c,d) kept the two-phase morphology; however,
the addition of Joncryl led to a relevant reduction in the dispersed phase size without changing
its shape, compared to the respective uncompatibilized blend. This indicated a decrease in the
interfacial tension and a higher compatibility between the two constituents due to the in situ formation
of the PLA–Joncryl–PBAT copolymer based on the combination of PLA and PBAT chains, which is
placed at the interface between the two phases, as demonstrated by others on blends of PLA and PBAT
of different compositions [16,18,24]. Moreover, the effect of the chain extender seemed more evident
for blends containing PLA1 than for those containing PLA2, likely owing to the weaker interactions
between PLA1 and PBAT that could be enhanced by the addition of the compatibilizer.

3.3. Thermal Properties

The thermal properties of a polymeric system considerably influence the performance of the final
product. Therefore, the thermal properties of the films were also investigated. The thermograms and
the main thermal parameters of the films related to the first heating scan are reported in Figure 5 and
Table 2, respectively.

From the thermograms, it is evident that PLA1 is a semi-crystalline polymer, while PLA2 is
completely amorphous; differences in their thermal behavior owe to their different content of D-isomer
(see Materials section). They both exhibited a glass transition temperature around 60 ◦C and PLA1 also
showed a cold crystallization and a melting peak at 97 and 170 ◦C, respectively. A small exothermic
peak just before the melting point can be observed in the thermogram of PLA1, which is related to the
transition from the α’ crystal form to the more stable α ones [40]. Neat PBAT exhibited a lower glass
transition temperature compared to PLA, and two melting points—the first one related to the melting
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of the butylene adipate fraction (around 49 ◦C) and the second one to the co-crystallization of butylene
adipate units into butyl terephthalate crystals (around 111 ◦C) [41].

Figure 5. Thermograms of the film related to the first heating scan.

Table 2. The main thermal properties of the films related to the first heating scan: Glass Transition
Temperature (Tg), Cold Crystallization Temperature (Tcc), Cold Crystallization Enthalpy (∆Hcc),
Melting Temperature (Tm), Melting Enthalpy (∆Hm), and Crystallinity degree (Xc).

Sample Tg PBAT

(◦C)
Tg PLA

(◦C)
Tcc
(◦C)

∆Hcc
(J/g)

Tm1
PBAT

(◦C)
Tm2

PBAT

(◦C)
∆Hm

PBAT

(J/g)
Tm

PLA

(◦C)
∆Hm

PLA

(J/g)
Xc

PLA

(%)

PBAT −35.4 - - - 48.8 110.6 17.2 - - -
PLA1 - 63.4 97.5 28.5 - - - 170.1 30.1 1.7
PLA2 - 56.3 - - - - - - - -

PBAT/PLA1 −34.1 57.1 92.6 8.1 41.1 115.4 2.3 167.1 13.8 15.2
PBAT/PLA1 + J −33.9 57.2 98.1 8.9 41.0 116.5 1.7 168.2 14.1 13.9

PBAT/PLA2 −33.3 54.6 - - 42.3 111.8–124.1 7.2 - - -
PBAT/PLA2 + J −34.2 56.3 - - 42.5 114.4–125.3 5.3 - - -

All the blends showed both the glass transitions of the neat polymers, representative of their
immiscibility [9,42], and all the main thermal transitions of the respective components. As regards
the un-compatibilized blends, the blending with PBAT led to a reduction in the cold crystallization
temperature of PLA1 and an increase in its crystallinity degree, since PBAT increases the crystallization
rate of PLA, as previously reported [25]. However, the melting peak of PBAT in the PBAT/PLA1 film
was partially hidden by the cold crystallization of PLA; therefore, the calculation of its crystallinity
degree was not possible.

The blends containing PLA2 exhibited a double PBAT endothermic peak, which can be attributable
to the formation of two separate crystalline phases resembling those of the homopolymers: polybutylene
adipate and poly butyl terephthalate [41]. Since this isodimorphic behavior of PBAT in PBAT/PLA2
blends is different from the neat PBAT and in the blends containing PLA1, which exhibited one melting
peak at 111–115 ◦C, it can be supposed that PLA2 has influenced the crystallization behavior of PBAT,
as a confirmation of the highest interaction between PBAT and PLA2.

The presence of Joncryl led to an increase in the cold crystallization temperature of PLA1 for
the PBAT/PLA1 + J film and to a slight decrease in the melting enthalpies of PBAT for both the
compatibilized blends, which is attributable to the increase in the molecular weight and branching
density of the polymers that hindered the crystallization process [22,25]. Moreover, the presence of
the compatibilizer also increased the glass transition of PLA2, a sign of the reduced mobility of the
amorphous chain segments, which have a more rigid structure [43].
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3.4. Mechanical Properties

The results obtained from the tensile tests are reported in Figure 6. It is evident that PLA and
PBAT have complementary mechanical properties: the first is rigid and brittle, while the latter is
flexible and tough [9]. Moreover, comparing the two types of PLA, it can be observed that PLA1 has a
higher elastic modulus and yield stress than PLA2 too, which is related to the amorphous nature of
PLA2 due to its high D-isomer content that led to a worsening of the materials’ rigidity [44].

Figure 6. (a) Elastic modulus, (b) yield stress, and (c) elongation at break of the films.

All the blends showed mechanical properties between those of the corresponding neat materials.
From the comparison of two uncompatibilized systems, it is evident that the PBAT/PLA2 blend,
although based on the less rigid PLA, had a considerably higher elastic modulus (800 MPa) and yield
stress (28 MPa) than the PBAT/PLA1 one, which exhibited an elastic modulus and yield stress of 251 and
11MPa, respectively. Since both the elastic modulus and the yield stress are greatly affected by the
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nature of the interface of a multi-phase system and the blend morphology [45], this result is a further
confirmation of a better compatibility and higher strength of the interactions between PBAT and PLA2
with respect to PLA1, as observed in the rheological and morphological analysis. These findings point
out that the viscosity ratio and the nature of the interface between the blend constituents had a more
important role than the individual resin properties in determining the blend strength and stiffness.
Nevertheless, as regards the ductility of the films, the use of different PLA did not considerably affect
the elongation at break.

With the addition of Joncryl, the elastic modulus and yield stress of the system containing PLA1
were more than tripled and doubled, respectively, since the addition of the chain extender enhanced
the strength of the interactions between PLA1 and PBAT and therefore, considerably improved the
interface of the resulting system, while, for the system containing PLA2, the effect of the compatibilizer
was not so effective. In particular, the elastic modulus slightly increased, and the yield stress did
not change, because the PBAT/PLA2 blend already showed a good phase adhesion, also without the
addition of the compatibilizer, as revealed by the morphological analysis. However, although greatly
improved, the stiffness and the strength of the PBAT/PLA1 + J blend (E = 635 MPa and σy = 26 MPa)
were still lower than those of PBAT/PLA2 + J (E = 889 MPa and σy = 28 MPa).

Moreover, the addition of Joncryl also led to an improvement in the ductility of the systems,
whose value was doubled for both the blends, owing to the reduction in the dispersed phase domains,
as found in the SEM analysis.

Up to now, similar benefits due to Joncryl addition were reported only for PLA/PBAT with PLA
as a matrix phase [20–22,25,26], whereas investigations on these blends with PLA as a dispersed phase
showed a worsening of the mechanical performance. Only Nunes et al. [24] reported that the addition
of 0.5 wt % Joncryl led to an improvement of the ductility of the systems, but with a negative impact on
the materials’ rigidity, since the concentration used was not enough to increase the interfacial adhesion
between the phases. Therefore, from the comparison of the present results with the literature data,
it turns out that the relative viscosity between the phases, the content of the compatibilizer, and the
blending process conditions play a key role in determining the effectiveness of the chain extension
reaction, the morphology, and thus, the final performance of the resulting system.

On the whole, among all the blends investigated in this study, the system that allowed the
achievement of the best mechanical properties was PBAT/PLA2 + J, which exhibited a good compromise
between stiffness and ductility.

3.5. Optical Properties

Transparency is an important physical property of packaging films, and transparent film materials
are highly desirable for a number of packaging applications [46]. The transparency values are displayed
in Table 3. Both the types of PLA films exhibited high transmittance; in particular, PLA2 was slightly
more transparent than PLA1 due to its amorphous nature. On the other hand, light transmission
of the PBAT film was almost prevented, in accordance with the literature data [47]. The blends
showed transparency values between those of the neat materials. PBAT/PLA1 films had lower
transparency than PBAT/PLA2 and the difference in the transparency values of the blends was
markedly higher than the neat PLAs. This is attributable to the fact that, as reported in the thermal
analysis, blending semi-crystalline PLA with PBAT, led to an increase in its crystallinity degree,
therefore resulting in a lower transparency of the PBAT/PLA1 films with respect to PBAT/PLA2.

Moreover, the addition of the compatibilizer slightly increased the transparency of both the
systems due to the reduction in the crystallinity degree of the polymers.
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Table 3. Transparency of the films.

Sample Transparency (%)

PBAT 5.8 ± 0.7
PLA1 89.7 ± 0.2
PLA2 91.0 ± 0.8

PBAT/PLA1 8.2 ± 0.1
PBAT/PLA1 + J 12.4 ± 0.1

PBAT/PLA2 40.7 ± 0.7
PBAT/PLA2 + J 43.0 ± 0.9

The transparency values of the PBAT/PLA2 films, with and without the compatibilizer,
were comparable with those reported for commonly used non-biodegradable plastics such as
polyethylene (PE) [48]; therefore, even if they are lower than those of PLA, they can be considered as
acceptable for packaging application requiring see-through properties.

3.6. Hot-Tack Measurements

Sealability is one of the key performance requirements for flexible packaging that allows packages
to be made at high packaging speeds and keeps the product secure [49].

As reported in Table 4, amorphous PLA exhibited the highest seal strength, while the
semi-crystalline one proved to be not sealable. In fact, it is widely known that the sealability of
a material is also linked to its crystallinity degree and amorphous polymers have higher chain mobility
on the surface of the film, leading to higher diffusion and thus, higher adhesion strength [50].

Table 4. Hot-tack measurements of the films.

Sample Hot-Tack Strength (g/15 mm)

PBAT 125 ± 5
PLA1 -
PLA2 650 ± 10

PBAT/PLA1 -
PBAT/PLA1 + J -

PBAT/PLA2 610 ± 10
PBAT/PLA2 + J 600 ± 15

Consequently, since the seal strength of PBAT was markedly lower than PLA2, blends containing
PLA1 had a seal strength lower than 100 g/15 mm, while PBAT/PLA2 blends proved to have a
seal strength close to PLA2, which was not considerably influenced by the incorporation of the
compatibilizer. Few works have reported on the sealability of bioplastics, particularly, as regards
PBAT/PLA blends, only Tabasi et al. [51] investigated the hot-tack behavior of PBAT/PLA blends with
PLA as a matrix phase, obtaining higher values of the hot-tack strength due to the higher content of
PLA in the blend. However, the hot-tack strength of PBAT/PLA2 blends was comparable with those
reported for PE films [52]; therefore, PBAT/PLA2 films proved to also have adequate seal properties as
flexible packaging materials.

4. Conclusions

In this work, eco-sustainable PBAT/PLA blown packaging films, having high toughness and being
suitable for direct food contact, were successfully produced.

In order to optimize film performances, PBAT/PLA blends in a 60/40 mass ratio were produced
starting from two commercial types of PLA with different viscosities and stereoregularity, with and
without the use of the multifunctional epoxy chain extender Joncryl, so as to investigate the effects of
the different viscosity ratio and stereoregularity of the polymer melts and the chain extension reaction
on the blend constituent compatibility and on the final film properties.
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Rheological and morphological investigations have shown that the PBAT/PLA2 blend, whose PLA
had a lower stereoregularity and a viscosity closer to PBAT than the PLA1 blend, has a finer dispersion
and distribution of the dispersed PLA phase and a stronger interfacial adhesion between phases.
Consequently, the PBAT/PLA2 system shows better mechanical performance than the corresponding
blend with PLA1, especially in terms of stiffness, even if based on the less rigid PLA2.

Moreover, the use of an amorphous PLA, such as PLA2, allowed the obtaining of better transparency
and hot-tack strength, which are other key properties of flexible packaging films.

For both the investigated blend systems, but to a greater extent for the PBAT/PLA1 blend, the
addition of Joncryl promoted interactions between the two constituents. This resulted in a finer
morphology and better mechanical response of the compatibilized systems, in terms of elastic modulus,
yield stress, and elongation at break. However, only minor changes were measured in terms of
transparency and hot-tack strength.

On the whole, the best performing system was the PBAT/PLA2 + J film, which exhibited the
best compromise in terms of stiffness and ductility, with mechanical performances (E = 889 MPa,
σy = 28 MPa, εb = 194%) and transparency and hot-tack strength (43% and 600 g/15mm, respectively),
comparable with those reported for commonly used non-biodegradable plastics.
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Abstract: Lactic acid oligomers (OLAs) were in situ synthesized from lactic acid (LAc) and grafted
onto chokeberry pomace (CP) particleboards by direct condensation. Biocomposites of poly (lactic
acid) (PLA) and modified/unmodified CP particles containing different size fractions were obtained
using a mini-extruder. To confirm the results of the grafting process, the FTIR spectra of filler particles
were obtained. Performing 1HNMR spectroscopy allowed us to determine the chemical structure
of synthesized OLAs. The thermal degradation of modified CP and biocomposites were studied
using TGA, and the thermal characteristics of biocomposites were investigated using DSC. In order
to analyse the adhesion between filler particles and PLA in biocomposites, SEM images of brittle
fracture surfaces were registered. The mechanical properties of biocomposites were studied using a
tensile testing machine. FTIR and 1HNMR analysis confirmed the successful grafting process of OLAs.
The modified filler particles exhibited a better connection with hydrophobic PLA matrix alongside
improved mechanical properties than the biocomposites with unmodified filler particles. Moreover, a
DSC analysis of the biocomposites with modified CP showed a reduction in glass temperature on
average by 9 ◦C compared to neat PLA. It confirms the plasticizing effect of grafted and ungrafted
OLAs. The results are promising, and can contribute to increasing the use of agri-food lignocellulosic
residue in manufacturing biodegradable packaging.

Keywords: lignocellulosic material; chemical modification; poly(lactic acid) composites; in situ
polymerization; grafting biocomposites; biodegradable composites

1. Introduction

These days, environmental issues are becoming key when designing plastic materials.
Following the EU Strategy for Plastics in the Circular Economy [1], the goal is to achieve the
sustainable management of the product at every stage of its life (extraction, manufacture,
use, and disposal). After use, the material should be reused in accordance with the circular
economy where nothing is wasted.

The reuse of agri-food lignocellulosic residue fits with this idea. Lignocellulosic residue
from the agri-food industry is used as an animal feed to produce biogas or extracts. An
interesting form of managing this waste is its use as a natural filler in polymer composites.
Such a strategy was proposed by R. Turco et al. [2], where they developed a composite
based on poly (lactic acid) (PLA) reinforced by epoxidized oil and presscake waste fibers
from oil extraction of the Cynara cardunculus plant. Rocha et al. compatibilized natural
lignocellulosic residues such as sugarcane bagasse, maçaranduba, and pinus through starch
also as a PLA fillers [3]. Mysiukiewicz and Barczewski also used linseed cake to make green
composites on the PLA matrix [4]. Many authors have reported using lignocellulosic fibers
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(not only of waste origin) as fillers for plastics. The most interesting and advantageous in
terms of ecological aspects is its use as a filler for biodegradable plastic, such as PLA [5],
polyalkanolates (PHA) [6,7]. According to Mohanty et al., a biocomposite created with a
biodegradable polymer matrix with a biodegradable filler should allow the obtainment of a
biodegradable composite [8]. Using lignocellulosic fillers is also common for fossil plastic,
such as polypropylene (PP) [9] and polyethylene (PE) [10,11].

The most promising polymer to replace petroleum-based plastics is PLA, which
is a biodegradable aliphatic semi-crystalline polyester obtained in the industry by the
ring-opening polymerization (ROP) of lactide (LA) [12]. LA is formed by the dimerization-
cyclisation of lactic acid oligomers, which are produced by the condensation of lactic acid
(LAc). The latter is usually obtained by the fermentation of agricultural raw materials
(saccharides). Due to the non-petroleum origin of LAc, LA, and PLA, and polymer’s ability
to biodegradation [13], it is considered as a “double green” polymer. PLA and LA copoly-
mers (e.g., block copolymers [14]) may be used for biomedical or pharmaceutical [15–18]
applications. However, the main market of these polymers is packaging [19,20].

The main purpose of adding lignocellulosic filler in particleboards is to cut down
on material cost. However, reinforcement by lignocellulosic fibers such as jute [21,22]
or flax [23] may improve the mechanical properties compared to the unfilled polymer
matrix. The most basic ingredients of lignocellulose filler are cellulose, hemicellulose,
lignin, waxes, pectin, and water-soluble ingredients. The content of these components may
vary depending on the growing conditions and the methods determining their content [24].

Cellulose is considered to be the main component of the fiber backbone. It is a
polysaccharide with a semi-crystalline structure of D-glucopyranose units. It provides
strength, rigidity, and structural stability of the fibers. Hemicellulose is an amorphous,
highly branched polysaccharide, associated with cellulose possibly by hydrogen bonds. It
is mainly made of hexoses and pentoses of varied chemical structures. The highly polar
and hydrophilic nature of cellulose and hemicellulose is due to the presence of a large
amount of the hydroxyl group. Lignin, as well as hemicellulose, is an amorphous polymer
composed of phenylpropane units [24–26]. Thanks to the high content of aromatic rings,
it shows a higher hydrophobic character. Additionally, its location between cellulose and
hemicellulose chains protect against environmental conditions such as temperature and
humidity [27].

Unfortunately, lignocellulosic fillers have a number of disadvantages due to their
chemical structure. Due to the presence of numerous OH groups, these fillers are charac-
terized by high water absorption. The highly hydrophilic surface has poor adhesion to
the hydrophobic polymer matrix in the polymer composite. This causes the deterioration
of the mechanical properties, changes in the dimensions of the composite, and water ab-
sorption. One of the methods of improving these properties is the chemical modification
of lignocellulosic fillers. Its main purpose is to activate the OH group or introduce new
groups. As a result, the surface of the filler becomes more hydrophobic, which increases
adhesion to the polymer matrix and even meshes with it [24].

Researchers use various chemical treatments. For example, the alkaline processing of
roselle and sugar palm reinforced thermoplastic polyurethane showed that fiber surface
modification improved hybrid composites’ mechanical, physical, and thermal proper-
ties [28]. A.K. Bledzki et al. [29] proved that the acetylation of flax fiber can reduce water
absorption by 42%. The esterification of cellulose with citric acid by X. Cui et al. [30]
showed enhanced flexural modulus and stress.

In 2012 alone, 469,200 tons of waste was generated in Poland during the processing
and preservation of fruit and vegetables [31]. According to Statistics Poland data, more than
50,000 tons of chokeberry were produced in Poland in 2018 [32]. A crucial part of becoming
more eco-friendly is reducing the carbon footprint associated with transporting wastes. The
reuse of agri-food waste is also significant in protecting the environment. In order to reduce
the transport and management costs for locally produced waste, chokeberry pomace (CP)
was chosen as a filler.
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In this paper, biocomposites based on PLA and modified lignocellulosic filler in the
form of CP, which are residue from the food industry, were prepared. The purpose of the
modification is to increase its hydrophobicity and the compatibility of the filler with the
polymer matrix. The modification consisted of the reaction of free hydroxyl groups present
in lignin, cellulose, and hemicellulose with carboxyl groups (esterification reaction) of LAc
and its oligomers (OLAs) by the direct condensation of LAc on CP fibers. Additionally, free
OLAs formed in condensation polymerization (ungrafted to the lignocellulosic backbone)
could act as a PLA plasticizer. Furthermore, the influence of the particle size of lignocellu-
losic fillers on thermal and mechanical properties was investigated. The main reason was to
check whether the change in the proportion of modified filler fraction after modification and
grinding affects the properties. It is worth emphasizing that the modification process was
made without using organic solvents, which increases the eco-friendliness of the process.
This type of modification (by esterification), known as grafting, has been the subject of J.
Ambrosio-Martín et al.’swork [33] who modified bacterial cellulose nanowhiskers (bacterial
CNW). R. Patwa et al. [34] applied a similar procedure for bacterial cellulose modification.
Using OLAs as a plasticizer was reported by scientists [35–37]. N. Burgos et al. showed that
OLAs with a molar mass around 1000 g/mol can be used as a biodegradable plasticizer for
PLA, replacing conventional plasticizers [36]. The use of a PLA plasticizer seems necessary
due to the high glass transition temperature (Tg = 50–60 ◦C), which causes brittleness and
stiffness at room temperature [38].

2. Materials and Methods
2.1. Materials

Chokeberry pomace (CP) was kindly supplied by the company AGROPOL Sp. z o.o.,
Góra Kalwaria, Poland. DL-LAc (racemic mixture) was supplied as an 85 wt% aqueous
solution by Sigma Aldrich (St. Louis, MO, USA). SnCl2·2H2O by Sigma Aldrich (St. Louis,
MO, USA) was used as a catalyst. DMSO-d6 (0.03% TMS, min. 99.8% deuterization degree)
was used as a solvent for 1HNMR analysis. Chloroform stabilized with amylene, supplied
by Pol-Aura (Olsztyn, Poland) was used for Soxhlet extraction. Poly (lactic acid) (PLA)
(IngeoTM 2003D; Mn = 108 kg/mol; 4 wt% D-isomer) from NatureWorks LLC (Minnetonka,
MN, USA) was used as polymeric matrix. All chemicals were used as supplied without
any purification.

2.2. Preparation of Chokeberry Pomace Filler

Pre-dried CP (40 ◦C, 10 days) was milled in sieve mill MUKF-10 (Młynpol P.P.H.,
Wyszków, Poland) using a sieve with a mesh size of 200 µm. Milled CP was subjected to
modification reaction. Before introducing unmodified CP filler into the polymer matrix, it
was fractionated using a sieve machine Haver EML 200 Premium Remote (Haver & Boecker
OHG, Oelde, Germany) using a sieve with mesh size: 250, 125, and 63 µm. The fraction
proportion in the milled CP filler is shown in Table 1. In prepared biocomposites in further
analysis, this fraction proportions was called “Mix”.

Table 1. Fraction proportions of milled CP filler (Mix).

Type of Filler Fraction, µm Fraction Content, % Name of Fraction
Proportion

CP
250–125 32.7

Mix125–63 49.1
<63 18.2

For thermal and structural comparison to modified CP filler, 1.5 g of CP sample was
purified using 220 mL of chloroform in Soxhlet extraction for 10 h and dried in 60 ◦C for
8 h. This step provided a fat-free sample, the same as after purification of modified CP filler
(CP-pure).
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2.3. Grafting of Chokeberry Pomace Using LAc and OLAs

The modification was carried out in a 1:1 ratio (w/w) (CP filler: DL-LAc) and 90 ppm
of catalyst (for the sum of the reactants). The water content of the CP filler was carried out
using a moisture analyzer Axis ATS147-2 from Axis sp. z o. o. (Gdańsk, Poland) (program
details: 105 ◦C; ending parameters: at least 3 measurements with a constant weight every
5 s). The amount of used chemicals is shown in Table 2. All chemicals were added to the
two-liter glass reactor. After 2 h of mixing (with constant stirring) under reflux, the solvent
was distilled both in atmospheric and under reduced pressure. Then, the condensation
process was carried out for 8 h at 160 ◦C within the pressure range 0.11 to 0.02 mbar. The
scheme of the reaction process is shown in Figure 1.

Table 2. Modification details.

CP Filler, g Water Content
in CP Filler, % DL-Lac 1, g SnCl2·2H2O 1, mg Total Water, g

180 4.0 180 39.4 630
1 With respect to the 100% reactants.
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After the modification, the modified filler agglomerated into hard bulks that required
shredding. Due to this, bulks of the modified CP filler (CP-g-OLA) were pre-crushed using
a hammer and crushed into the powder using a mortal grinder Pulverisette 2 from Fritsch
GmbH (Idar-Oberstein, Germany). Grinded CP-g-OLA was fractioned in the same way
as unmodified CP filler (Section 2.2). The fraction proportions in the milled CP-g-OLA
filler are shown in Table 3. In prepared biocomposites in further analysis, this fraction
proportions was called “Mix 1”.

Table 3. Fraction proportions of grinded CP filler after the modification (Mix 1).

Type of CP Filler Fraction, µm Fraction Content, % Type of Mix

CP-g-OLA
250–125 43.5

Mix 1125–63 33.4
<63 23.1
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To determine the ungrafted OLAs content in the CP-g-OLA and purify the CP-g-OLA
for further analysis (CP-g-OLA-pure), the sample was purified in the same way as CP-pure
(Section 2.2).

2.4. Preparation of Biocomposites

Biocomposites were made using a mini-extruder Haake MiniLab II (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with recycle channel and co-rotating conical
system of two screws. The mix of filler and PLA granules (5.5 g) were added to the mini-
extruder during 3 min of loading time, and it was then mixed for 20 min at a screw speed
of 25 rpm in cycle mode in 170 ◦C. Then, a cylindrical profile formed using Ø 1 mm die
was collected for further analysis.

Types of prepared composites are shown in Table 4.

Table 4. Manufactured biocomposites composition.

Sample Name Type of
Composite

Filler
Quantity, wt%

PLA Quantity,
wt%

Ungrafted OLAs
Quantity, wt%

Fraction of the
Filler, µm

PLA Neat PLA 0 100 0 -
<63 CP/PLA

CP/PLA

30

70 0

<63
63–125 CP/PLA 63–125

Mix CP/PLA Mix
Mix1 CP/PLA Mix 1

<63 CP-g-OLA/PLA

CP-g-OLA/PLA 67.09 2.91 2

<63
63–125 CP-g-OLA/PLA 63–125

Mix CP-g-OLA/PLA Mix
Mix1 CP-g-OLA/PLA Mix 1

2 Quantity of ungrafted OLAs, LAc, and LA where the main component is OLAs (for more details look at Table 5).

It is worth noticing that CP-g-OLA was not purified before the formation of the
biocomposites due to the use of ungrafted OLAs containing minor quantities of LAc and
LA. The amount of ungrafted OLAs in the biocomposite composition is shown in Table 4,
determined in Soxhlet extraction. Also, the CP filler was not purified before the formation
of the biocomposites.

Table 5. 1HNMR results.

Sample DPOLA Mn, g/mol [COOH]/[OH] χLA χLAc χOLA

CP-g-OLA 1.9 281 0.62 0.11 0.09 0.80

2.5. Characterisation of Fillers and Biocomposites

The surface morphology of the CP fillers and brittle fracture surface of biocomposites
was determined using Hitachi TM3000 SEM (Hitachi Group, Tokyo, Japan). The applied
accelerating voltage was 15 kV. All samples were coated using a Polaron SC7640 sputter
coater (Quorum Technologies Ltd., Laughton, UK) for 80 s at 10 mA and 1.5 kV with gold
and palladium before SEM imaging.

The chemical structure of the CP and CP-g-OLA-pure fillers was studied with the
Fourier transform infrared spectroscopy (FTIR) using a Nicolet 6700 spectrometer (Thermo
Electrone Corporation, Waltham, MA, USA). Spectral data were collected as a sum of
64 scans in the 4000–400 cm−1 range with manual baseline correction and CO2 correction.
The results were analyzed using the OMNIC 8.2.0 software by ThermoFisher Scientific Inc.

The chemical structure of OLAs was performed by proton nuclear magnetic resonance
spectroscopy (1HNMR) using the equipment: Varian NMR System 500 (Varian, Inc., Palo
Alto, CA, USA). The applied frequency was 500 MHz, measured at room temperature. Before
measurement, around 80 mg of CP-g-OLA was diluted in 1.5 mL of DMSO-d6 and filtered.
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Thermogravimetric analysis (TGA) of the CP-pure, CP-g-OLA, CP-g-OLA-pure, and
biocomposites was performed using TGA Q500 (TA Instruments, New Castle, PA, USA).
The sample weight was around 10 mg. The sample was heated in ramp procedure
(10 ◦C/min) from room temperature to 650 ◦C in a nitrogen atmosphere. Data analysis was
performed using the Universal Analysis 2000 software, version 4.7 A, by TA Instruments.
The measurements were performed using 3 samples.

The scanning of differential calorimetry (DSC) of the biocomposites was performed
using DSC Q1000 (TA Instruments, New Castle, PA, USA). A sample weight of 6 ± 0.2 mg
was sealed in an aluminum pan. A sample was heated from room temperature to 190 ◦C
with a heating speed of 10 ◦C/min (first heating cycle); cooling to −80 ◦C at 5 ◦C/min
(first cooling cycle) and heating to 190 ◦C at 10 ◦C/min (second heating cycle) in an inert
atmosphere. For further characterization, a second heating cycle was used. The Universal
Analysis 2000 software version 4.7 A by TA Instruments was used to determine thermal
parameters. The measurements were performed using 3 samples.

The water absorption of modified and unmodified CP fillers was defined as the weight
change using TGA. To dry out the fillers, a sample of around 10 mg was heated to 60 ◦C
and held for 180 min. After 24 h, the procedure was repeated.

The mechanical properties of the biocomposites were carried out using Instron 5566
(Instron Norwood, MA, USA) (load cell of 1 kN) tensile testing machine. Cylindrical
profiles obtained as a result of extruding were cut into 80 mm long samples and weighed
to determine the tex factor. The speed of the tensile strength test was 20 mm/min. The
measuring base was 20 mm. The cross-section was determined as a linear mass (tex). To
change the unit to MPa, the result in N/tex was multiplied by 900. The measurements were
performed using at least 15 samples.

3. Results
3.1. Analysis of the Chokeberry Pomace Fillers
3.1.1. Chemical Structure of the Fillers

FTIR measurements characterized both CP-pure and CP-g-OLA-pure (after elimina-
tion of ungrafted residue) fillers to confirm the chemical reaction between the LAc and
hydroxyl groups of lignin, cellulose, and hemicellulose. FTIR spectra are shown in Figure 2.
Analyzing the CP-g-OLA-pure filler spectrum shows a peak at around 3200 cm−1 assigned
to the OH stretching vibration decreased compared to ungrafted CP filler. It is a result of
the esterification of the hydroxyl group by LAc, which results in a reduction in OH group
concentration. At the same time, the peak around 1735 cm−1 assigned to the C=O stretching
vibration increased, proving the formation of an ester bond. Y. Luan et al. obtained similar
results during grafting cellulose acetate by ROP process [39], the same as A. Goffin et al.,
who grafted CNW by the ROP process [40]. Additionally, the FTIR spectrum of CP-g-OLA-
pure shows new peaks around 1200 and 1090 cm−1 assigned to the C-O stretching vibration
of OLAs (PLA) backbone [41]. This evidence of chemical structure supports the success
of the esterification of hydroxyl groups with LAc and/or OLAs, and incorporating OLAs
chains into the macromolecules forming lignocellulosic fillers’ backbones.
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Figure 2. FTIR spectra of CP-pure and CP-g-OLA-pure.

3.1.2. Scanning Electron Microscopy of the Fillers

Figure 3a shows the CP filler after milling. There are significant particle size dispersion
and shape differences. It is probably related to the heterogeneous composition of the
chokeberry pomace, where you can find stems, fruits, leaves, seeds, etc. Figure 3b presents
the CP filler after the modification process. The lower quantity of fibrous particles is likely
due to the subsequent crushing of the filler after modification.
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Figure 3. SEM pictures of (a) unmodified CP filler; (b) modified CP filler.

3.1.3. Proton Nuclear Magnetic Resonance Analysis

The determination of the degree of polymerization of OLAs (DPOLA) (grafted and
ungrafted), carboxyl group to hydroxyl group ratio ([COOH]/[OH]), the mole fraction
of LA (χLA), LAc (χLAc), and OLAs (χOLA) (grafted and ungrafted) was performed using
1HNMR analysis (Table 5, Figure 4). DPOLA value was determined from the equation:

DPOLA = ∑ integral CH/integral CH(OH end) (1)
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Figure 4. 1HNMR spectrum of CP-g-OLA.

According to J. Espartero et al., signals from OLAs, LA, and LAc have been assigned
in Figure 4 [42]. A [COOH]/[OH] value deviating from 1 suggests that in the spectrum,
some protons of OLAs grafted to the lignocellulosic backbone are also seen. The signals
of protons present in the backbone of hemicellulose and cellulose are not visible in the
spectra due to the insolubility of the backbone in a deuterated solvent, so we are probably
dealing with a dispersion that is not recordable under these 1H NMR conditions. W. Zhao
et al. received signals in the 1HNMR spectra in the DMSO-d6 of hemicellulose units [43],
grafted cellulose (at 80 ◦C) [44], and lignin [45]. However, it is hard to assign protons to
detected signals. In this case, probably aromatic and aliphatic lignin units are shown in
shift range 6–8 ppm and 0.5–2.75 ppm, respectively [45]. The presence and content of LA
(χLA = 0.11) is related to used catalyst and process conditions. In the obtained composition,
some unreacted LAc is also detected.

3.1.4. Thermal Degradation Analysis of the Fillers

TGA analysis was used in order to characterize the fillers (Figure 5a,b).
Based on the TG and DTG curves obtained in TGA analysis, the temperature of 2 and 5%

mass loss (T2% and T5%, respectively), maximum degradation temperature (Tmax), maximum
degradation rate in the third stage of degradation, (Vmax3), and the amount of residue after
combustion at 650 ◦C (R650) were determined for all fillers (Table 6).

An analysis of CP-pure filler (Figure 5a) shows multiple peak with three stages of
degradation: Tmax3, Tmax4, and Tmax5, which are assigned to hemicellulose, cellulose/lignin,
and lignin degradation, respectively [46,47]. The shoulder with Tmax2 is probably related
to tannin degradation [48]. J. Lisperguer et al. obtained a degradation peak for tannin
obtained from Acacia dealbata at 258 ◦C [48]. The chemical composition of this specific
CP (with no purification) was determined in the previous report by researchers from the
Warsaw University of Technology [49]. Table 7 shows the content of cellulose, hemicellulose,
lignin, and raw fat in CP filler.
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Table 6. TGA results of the fillers.

Sample
The Characteristic Temperature of Thermal Decomposition, ◦C Vmax3,

%/◦C
R650, %

T2% T5% Tmax1 Tmax2 Tmax3 Tmax4 Tmax5

CP-pure 42 ± 4 75 ± 8 52 ± 2 237 ± 3 278 ± 0 335 ± 1 398 ± 1 0.29 ± 0.01 30 ± 1
CP-g-OLA 106 ± 4 169 ± 10 76 ± 7 - 262 ± 11 341 ± 1 404 ± 3 0.40 ± 0.05 25 ± 3

CP-g-OLA-pure 71 ± 6 172 ± 3 67 ± 10 - 283 ± 1 338 ± 1 394 ± 2 0.34 ± 0.01 30 ± 1

Table 7. Chemical composition of CP filler [49].

Filler Raw Fat, % Cellulose, % Hemicellulose, % Lignin, %

CP 7.3 20.6 21.7 58.0

The high content of lignin may positively impact the modification process because of
the shielding for hemicellulose and cellulose against humidity and high temperature, as we
mentioned at the beginning of the following discussion [27]. The hydroxyl groups which
may react with the LAc and OLAs are related to hemicellulose, lignin, and amorphous
cellulose. The crystalline cellulose structure is too closely packed (because of hydrogen
bonds), which prevents reacting with those hydroxyl groups. Therefore, a high amount of
amorphous units (hemicellulose, lignin) content may help to increase the efficiency of the
esterification [29,50].

T2% and T5% of CP-pure filler are low (42 ± 4 ◦C and 71 ± 6 ◦C, respectively), and it
is due to the water evaporation in the weight loss step of maximum temperature Tmax1.
After the modification process, T2% value increases significantly, and it can be related to the
reduced water absorption by modified, more hydrophobic fillers. The difference in ‘DTG’s
curve shape of CP-g-OLA and CP-g-OLA-pure, shown in Figure 5b, in the temperature
range around 150–320 ◦C, is contributed to the grafted and ungrafted OLAs degradation
peak superimposed on the peak from tannin and hemicellulose degradation. It is up to a
peak with a maximum temperature of approximately 280 ◦C, and a maximum degradation
rate in average range 0.34–0.40%/◦C.

Y. Guo et al. also reported an additional Tmax peak in temperature around 230 ◦C,
corresponding to grafted PLLA chains into the cellulose backbone [51]. N. Burgos et al.
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synthesized OLAs as a plasticization system for PLA, and also obtained a similar Tmax
degradation of OLAs [36].

In the next step, in the range of 320–400 ◦C, cellulose and lignin are degraded.
The temperature at which the maximum decomposition rate is achieved in this stage
is approximately—340 ◦C.

After the degradation of the CP filler before and after modification at 650 ◦C, a
significant amount of the sample mass remains-approximately 30%. These are probably the
tarry residues of lignin pyrolytic degradation.

3.1.5. Water Absorption Analysis

To determine whether the filler has changed its character to be more hydrophobic after
the modification, the water absorption was determined. Table 8 shows the water absorption
of CP, CP-g-OLA, and CP-g-OLA-pure fillers after 24 h of exposure in equal conditions.

Table 8. Water absorption results.

Sample Water Content, %

CP 5.5

CP-g-OLA-pure 3.6

CP-g-OLA 1.8

The results show increasing hydrophobicity of the CP filler after the carried out
modification both in purified and impurified (with ungrafted OLAs) fillers for 34.5 and
67.3%, respectively. It confirmed that OLAs have a hydrophobic effect on the surface of
lignocellulosic fillers by blocking the hydroxyl groups, which was confirmed by FTIR
analysis. Additionally, ungrafted OLAs also have a significant impact on improving the
hydrophobicity of the lignocellulosic ‘filler’s surface. The ungrafted OLAs are probably
physically bound to the surface of the modified filler, and they are shielding hydroxyl
groups, which reduces water absorption.

3.2. Analysis of Biocomposites
3.2.1. Preparation of Biocomposites

Eight samples of biocomposites comprising 67.09 or 70% of PLA matrix and 30% of
various filler fractions or mixtures were prepared via melt mixing in a laboratory extruder
at 170 ◦C for 20 min. A cylindrical profile formed using Ø 1 mm die was collected for
further analysis. Detailed information can be found in the Section 2.4.

3.2.2. Scanning Electron Microscopy of the Biocomposites

In order to determine the adhesion between filler particles and the PLA matrix, SEM
images of brittle fracture surfaces of biocomposites were obtained (Figure 6).

During the analysis of brittle fracture surfaces of all samples containing particles of
unmodified CP filler, it was found that the particles exhibited poor bonding with the PLA
matrix. Red-dotted lines in the example SEM images of <63 CP/PLA and Mix CP/PLA
samples (Figure 6a,b) indicate areas where CP filler particles can be spotted. Particles are
visibly separated from the polymer matrix, and there are no visible indications of good wet-
tability on the particles’ surface by PLA. Moreover, some particles were extracted from the
matrix while preparing brittle fractures and left voids (yellow-dotted lines in SEM images
in Figure 6a,b). However, surface analysis of brittle fractures of all samples containing CP-g-
OLA filler showed that particles exhibited better compatibility and adhesion with the PLA
matrix. In the example SEM images of 63–125 CP-g-OLA/PLA and Mix CP-g-OLA/PLA
samples (Figure 6c,d), black-dotted lines mark particles, and green arrows point out areas
where particles show optimal wettability by PLA matrix. A similar observation was made
by Cui et al. during a study involving a modification of cellulose with citric acid [30].
In addition, the lack of <63 µm particles (which are present in the fraction proportions
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“Mix”; Table 1; Figure 3) on the surface of Mix CP-g-OLA/PLA suggests that these particles
were well incorporated into the PLA matrix, proving the effects of modification on better
adhesion of CP filler particles with the hydrophobic polymer.
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3.2.3. Thermal Degradation Analysis of the Composites

Based on the TG and DTG curves obtained in the TGA analysis, the maximum degra-
dation rate (Tmax), the degradation rate (Vmax), and a temperature of 2%, a 5% material loss
(T2% and T5%) was determined for all biocomposites (Table 9). Representative TG and DTG
curves are shown in Figure 7.

TGA analysis showed lower T2%, T5%, Tmax, and Vmax for all biocomposites compared
to the unfilled PLA matrix. After adding the lignocellulosic filler, a negative impact on
thermal stability is also widely reported [38,52]. Composites are expected to have lower
thermal stability due to the presence of lignocellulose filler with lower thermal stability than
PLA [52]. The modification and particle size of the lignocellulosic filler do not significantly
affect the thermal properties of the analysed biocomposites. Some exceptions are T2% and
T5%, which are around 20–30 ◦C lower than composites with an unmodified filler. Similar
results were obtained by N. Burgos et al., and are contributed to the low molar mass of
OLAs, which makes OLAs more volatile [36]. The wide shoulder in the range of 200–300 ◦C
and the lower Vmax of biocomposites compared to neat PLA is also related to the content of
lignocellulosic filler and OLAs.
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Table 9. TGA results of PLA and biocomposites.

Sample T2%, ◦C T5%, ◦C Tmax/Vmax, ◦C/%/◦C

PLA 305 ± 1 320 ± 1 360 ± 1/2.78 ± 0.05
<63 CP/PLA 184 ± 1 251 ± 2 350 ± 3/2.15 ± 0.13

63–125 CP/PLA 201 ± 1 259 ± 6 347 ± 12/1.93 ± 0.19
Mix CP/PLA 194 ± 4 254 ± 5 321 ± 5/1.66 ± 0.32

Mix1 CP/PLA 198 ± 2 254 ± 12 350 ± 6/2.01 ± 0.11
<63 CP-g-OLA/PLA 173 ± 1 231 ± 1 346 ± 2/2.08 ± 0.02

63–125
CP-g-OLA/PLA 178 ± 0 234 ± 3 343 ± 4/1.79 ± 0.20

Mix CP-g-OLA/PLA 174 ± 2 231 ± 1 346 ± 2/1.96 ± 0.04
Mix1 CP-g-OLA/PLA 181 ± 4 230 ± 1 343 ± 1/1.69 ± 0.34
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Table 9. TGA results of PLA and biocomposites. 

Sample T2%, °C T5%, °C Tmax/Vmax, °C/%/°C 
PLA 305 ± 1 320 ± 1 360 ± 1/2.78 ± 0.05 

<63 CP/PLA 184 ± 1 251 ± 2  350 ± 3/2.15 ± 0.13 
63–125 CP/PLA 201 ± 1 259 ± 6  347 ± 12/1.93 ± 0.19 

Mix CP/PLA 194 ± 4 254 ± 5  321 ± 5/1.66 ± 0.32 
Mix1 CP/PLA 198 ± 2 254 ± 12  350 ± 6/2.01 ± 0.11 
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Figure 7. TG and DTG curves of PLA and biocomposites.

3.2.4. Differential Scanning Calorimetry Analysis

Glass transition temperature (Tg), cold crystallization temperature (Tcc), and melting
temperature (Tm) were determined for all biocomposites using DSC analysis. The crys-
tallinity of the samples (Xc) was calculated according to the following Equation (2) [2,53,54]:

Xc, % =
∆Hm − ∆Hcc

∆H0
m ·ωPLA

·100 (2)

where ∆Hcc is a cold crystallization enthalpy; ∆Hm is a melting enthalpy; ∆H0
m is a melting

enthalpy of fully crystalline PLA, which is 93.6 J/g [55], and ωPLA is a weight fraction of
PLA in the biocomposites (Table 4) or in neat PLA. Table 10 and Figure 8 show the results
of DSC analysis.

The introduction of lignocellulosic filler into the polymer matrix should increase the
Tg due to the limitation of the mobility of PLA chains by natural fibers embedded in the
matrix [54]. In this case, the Tg of neat PLA was found at 60 ± 0 ◦C; it decreased 2–3 ◦C
after introducing unmodified CP filler. This behavior can be caused by the presence of
raw fat in the filler structure (Table 7), which can act as plasticizer of the amorphous phase
of PLA. An important finding from this analysis is the significant reduction of Tg after
the introduction of the modified CP filler into the PLA matrix (average reduction of 8
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to 9 ◦C). R. Avolio et al. have shown that 10% of OLAs may cause the drop of Tg by a
similar value [35]. In our paper, the total amount of ungrafted OLAs is 2.91% (Table 4). It
can be deduced that grafted OLAs also have a plasticizing effect on the PLA matrix, and
moreover, the effectiveness of plasticization with OLAs is correlated with their chain length,
which in this case is rather low. A. Goffin et al. also obtained a plasticizing effect for pure
CNW-g-PLA [40]. To summarize, the decreasing of the Tg is connected with the presence of
ungrafted and grafted OLAs. It confirms the plasticizing effect of the chain of OLAs in this
composition. Additionally, DSC curves showed only one Tg in the analyzed temperature
range, which shows no macroscopic phase separation and good compatibility between the
PLA and OLAs in analyzed biocomposites [35].

Table 10. Results of DSC analysis.

Sample Tg, ◦C Tcc, ◦C Tm1/Tm2, ◦C Xc, %

PLA 60 ± 0 115 ± 0 149 ± 0/- 1.8 ± 0.3
<63 CP/PLA 58 ± 0 121 ± 1 149 ± 0/154 ± 1 3.4 ± 0.5

63–125 CP/PLA 58 ± 0 121 ± 2 149 ± 1/154 ± 1 4.0 ± 1.2
Mix CP/PLA 57 ± 0 118 ± 1 148 ± 1/154 ± 1 3.3 ± 1.1

Mix1 CP/PLA 58 ± 0 120 ± 1 149 ± 0/153 ± 1 4.4 ± 1.1
<63

CP-g-OLA/PLA 52 ± 1 117 ± 4 145 ± 2/151 ± 1 4.2 ± 0.9

63–125
CP-g-OLA/PLA 51 ± 2 118 ± 6 145 ± 3/151 ± 1 2.5 ± 0.3

Mix
CP-g-OLA/PLA 51 ± 3 118 ± 7 145 ± 3/151 ± 1 5.1 ± 0.3

Mix1
CP-g-OLA/PLA 52 ± 1 121 ± 4 146 ± 1/152 ± 1 4.4 ± 0.4
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The addition of unmodified CP filler increase Tcc which can correspond to the limi-
tation of PLA’s chains mobility. Introduction OLAs to the PLA matrix generally caused a
slight decrease in Tm1. This phenomenon is also related to the plasticizing effect of OLAs
and increasing PLA chain mobility [35]. Except for the unfilled PLA matrix, samples were
characterized by a double melting peak (Tm1 and Tm2). This effect is widely known in the
literature as α’ phase melting (Tm1), and its recrystallisation to α and re-melting at higher
temperature (Tm2) [56]. Lower Tm2 is characterized in all grafted CP fillers, which could
contribute to higher nucleation of crystallization by CP-g-OLA because of the higher mobil-
ity of PLA chain. It is clearly shown that the introduction of the filler affects the process of
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nucleation, thus increasing the Xc polymer matrix [11]. According to the literature, OLAs
also have an increasing impact on the degree of crystallinity [35].

3.2.5. Mechanical Properties

Table 11 shows Young’s modulus and tensile strength of unmodified and modified
biocomposites.

Table 11. Mechanical properties of biocomposites.

Sample Tensile Strength, MPa

PLA 47.6 ± 2.7
<63 CP/PLA 27.18 ± 0.99

63–125 CP/PLA 26.19 ± 1.08
Mix CP/PLA 26.37 ± 1.08
Mix1 CP/PLA 25.92 ± 0.90

<63 CP-g-OLA/PLA 30.06 ± 0.99
63–125 CP-g-OLA/PLA 27.63 ± 1.08

Mix CP-g-OLA/PLA 27.81 ± 1.17
Mix1 CP-g-OLA/PLA 27.63 ± 1.62

All of the biocomposites are characterized by a lower tensile strength than neat PLA.
It is quite an obvious observation, given the degree of filling (30%) of the composite and
the poor adhesion of the unmodified filler to the matrix. A. Dufresne et al. also observed
this effect after adding lignocellulosic flour to the PHBV [6]. An upward trend is clearly
visible in the case of the tensile strength of composites with modified fillers compared to
unmodified fillers. The increase is slight, and often on the verge of standard deviation in
most cases. It is important to notice that generally, in this case, plasticizers and OLAs reduce
tensile strength [35,36,57]. In this composition, good adhesion and wettability (which is
proven by SEM analysis, Figure 6c,d) may compensate for the reduction in tensile strength
caused by the addition of the plasticizer. The highest increase in tensile strength of the
biocomposites with a modified filler (comparing with biocomposites with unmodified filler)
is shown in the biocomposites with a filler in the size fraction <63 µm and is around 10%.
This result can be justified as a greater development of the surface area, which results in a
higher number of hydroxyl groups on the surface, able to react with OLAs and LAc [58].
Figure 9 presents this result.
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4. Conclusions

In this paper, CP, which is a food-based residue, was modified using in situ formed
OLAs to increase the adhesion between the filler particles and PLA matrix. The esterification
reaction results in the mixture of ungrafted and grafted OLAs to CP particles. FTIR spectra
confirmed the success of the grafting process. SEM images confirm better adhesion between
PLA matrix and modified filler than with unmodified CP filler. DSC results showed the
plasticization effect of ungrafted and grafted OLAs, with decreasing Tg on average by
9 ◦C. The water absorption of a modified CP filler is lower than an unmodified filler by
67.3%, and confirms participation in blocking hydroxyl groups also by ungrafted OLAs.
Thanks to a better connection of modified CP filler to PLA matrix, the mechanical properties
of biocomposites were less deteriorated than in the case of an unmodified natural filler.
Mechanical and thermal tests have shown that the use of a mixture of fractions of a different
size (Mix 1) than the original (Mix) does not have a significant effect on the properties of
biocomposites. However, it seems that the smallest particles (less than 63 µm) have the best
impact on the properties of obtained biocomposites. The research results suggest that the
produced biocomposites with a natural plasticizer will have potential applications in the
production of food packaging.
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Abstract: The strength and resistance of plastics at the end of their service life can hinder their degra-
dation. The solution to this problem may be materials made of biodegradable and oxo-biodegradable
plastics. The aim of this research was to determine the degree and nature of changes in the composi-
tion and structure of composted biodegradable and oxo-biodegradable bags. The research involved
shopping bags and waste bags available on the Polish market. The composting of the samples was
conducted in an industrial composting plant. As a result of the research, only some of the composted
samples decomposed. After composting, all samples were analysed using FTIR (Fourier Transfor-
mation Infrared) spectroscopy. Carbonyl index and hierarchical cluster analysis method was used
to detect similarities between the spectra of the new samples. The analysis of the obtained results
showed that FTIR spectroscopy is a method that can be used to confirm the degradation and detect
similarities in the structure of the analysed materials. The analysis of spectra obtained with the use of
FTIR spectroscopy indicated the presence of compounds that may be a potential source of compost
contamination. Plastics with certificates confirming their biodegradability and compostability should
be completely biodegradable, i.e., each element used in their production should be biodegradable
and safe for the environment.

Keywords: biodegradable and oxo-biodegradable packaging; polymers; MSW composting plant;
FTIR spectroscopy

1. Introduction

Plastic materials are widely used in many industries due to their strength, environ-
mental resistance and flexibility. The growing demand for plastics poses the problem
of the increasing amount of waste from plastics at the end of their service life [1]. The
characteristics of plastics that used to be an advantage, at the end of their service life are
the source of decomposition problems [2]. The solution to this problem may be materials
made of biodegradable and oxo-biodegradable plastics [3]. Biodegradable materials should
decompose under the influence of macro- and microorganisms. Oxo-biodegradable plas-
tics are also biodegradable, but initiating biodegradation requires “abiotic degradation”,
e.g., through the use of heat energy or UV radiation [4,5]. Oxo-biodegradable plastics
contain additives that are responsible for the initiation of decomposition (prooxidants).
The most common additives on the market are d2w® (biodegradable plastic technology) or
TDPA® (Totally Degradable Plastic Additives). The rate of biodegradation is influenced by
many factors, e.g., chemical character of the polymer, environmental conditions, microbial
population activity [6,7]. According to the manufacturers’ assumptions [8–10], biodegrad-
able plastics must fulfil designated functions, that is, be (for example) durable and flexible,
and at the same time, at the end of their service life, they should be biodegradable in the
environment, i.e., in litter, landfill, compost or soil.

Biodegradable and oxo-biodegradable materials are used to produce waste disposal
bags and food/shopping bags. Such products are often used to collect bio-waste because

125



Materials 2021, 14, 6449

of the information provided by producers about “compostability”, “environmental degrad-
ability” of their materials. These products are indeed certified in accordance with European
standards, such as EN 13432, which stipulates that bags should be 90% biodegradable
within six months. Consumers who use them believe they are helping to protect the envi-
ronment by using waste disposal bags. Together with bio-waste, the bags are sent to a waste
treatment plant (e.g., a composting plant). However, packaging should only be allowed for
biological treatment if it actually decomposes under composting conditions [11]. Scientific
research on the decomposition of plastics is very often performed in conditions significantly
different from real ones [12,13]. It happens that in laboratory conditions there are changes
in the structure of the material, but its total decomposition is not proven [14,15], or may
concern only a part of the polymers, which are its components [16]. In the event of partial
decomposition of the packaging, contamination may remain in the environment, e.g., in
the form of microplastics. In addition, even small changes in the structure of plastics (such
as discoloration or porosity), may indicate that micro-particles and, with them, contami-
nants in the form of e.g., toxic elements are released into the environment. Therefore, it is
necessary to develop the technical standards specifying how to conduct biodegradation
tests in the environment, taking into account real conditions (depending on whether the
degradation takes place in water, soil or landfill). The results of the tests carried out in
this way should make it possible to determine the time and degree of decomposition,
depending on environmental conditions [17].

One method that is suitable for the analysis of samples consisting of different materials
is Fourier transform infrared spectroscopy (FTIR) [18–22]. This method has been used,
among others, for the identification of polymers in marine waste and even those found
in animal organisms. In the case of waste materials, FTIR spectroscopy has been used
to determine compost maturity, characterise humic substances [23], present in compost
and anaerobic decomposing waste, and identify unknown materials present in waste
dumped from a landfill site [24]. The conducted research has shown that with the FTIR
method it is possible to obtain a lot of information on samples of complex composition [25].
Due to the possibility of conducting research in a relatively simple and non-destructive
way, FTIR spectroscopy can also be used to identify plastics and track changes in their
composition [26]. Even on the discoloured surface of plastics, it is possible to observe
changes confirming the presence of microorganisms and traces of biodegradation [27].
The degree of degradation of plastics can be assessed on the basis of a decrease in the
intensity of the bands indicating the presence of C–H bonds, or the appearance of new
bands indicating the presence of oxygen connections, such as C=O, C–O, O–H, O–C=O
and C=C [28–30].

The aim of the research was to determine the degree and nature of changes in the
composition and structure of composted (in real conditions) biodegradable and oxo-
biodegradable shopping bags and waste bags. The research was carried out using FTIR
spectroscopy, which is often used to analyse the structure and degree of decomposition
of various materials. The research involved shopping bags and waste bags available on
the market, used by consumers to collect the biodegradable fraction of municipal waste,
collected selectively for composting processes. Depending on the degree of decomposition
of these products, substances included in the plastics, as well as microplastics resulting
from the degradation and defragmentation of the film, may be released into the compost to
the environment. On the other hand, insufficiently decomposed plastics (larger fragments)
will contaminate the compost, preventing its sale and use.

2. Materials and Methods

Shopping bags and waste bags generally available in Poland were selected for the
research. According to the information provided on the packaging by the producers, the
samples were conducted from biodegradable or oxo-biodegradable materials (foil). Some
of the samples were partially or completely coloured (in green, brown, orange or black),
while the rest were white.
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Twelve samples were selected for the research. Table 1 presents information about the
analysed samples.

Table 1. The most important information about the samples selected for research.

Sample Number Type of Polymer Additional Manufacturer Information

1 Biodegradable, compostable There is no need to remove from the stream
of bio-waste at the composting industry

2 Biodegradable, compostable It is degraded in composting conditions

3 Biodegradable, compostable Made on the basis of corn and potato starch

4 Oxo-biodegradable, d2w® additive
It is decomposed under the influence of

oxygen, UV and heat, use within 18 months

5 Oxo-biodegradable, TDPA additive It is subject to accelerated decomposition

6 Biodegradable, LDPE and sugar cane Sugar cane content above 85%

7 Oxo-biodegradable, d2w® additive The bag is 100% biodegradable

8 Oxo-biodegradable, HDPE The bag is oxo-biodegradable by 100%

9 Oxo-biodegradable, d2w® additive
It has the Oxo-biodegradable Plastics

Association mark

10 Oxo-biodegradable, HDPE The bag is oxo-biodegradable by 100%

11 Biodegradable, compostable Bags for biodegradable waste

12 Oxo-biodegradable, HDPE Bags for organic waste

From selected packages, samples were prepared in the form of sheets with an area
of approximately 500 cm2. Each sheet was sandwiched between two layers of glass fibre
mesh with a mesh size of ca 1 × 1 mm (the mesh with a weave of 238 meshes by 5 cm2 was
used). The sheet closed in the mesh was stapled to prevent the samples from slipping out.
Three sets of sheets were prepared for each test: A—new test, not exposed to UV radiation,
B—test exposed to UV rays for 20 h, C—test exposed to UV rays for 50 h. The 36 W UV
lamp (OSRAM, Munich, Germany) was used for irradiation. The samples were irradiated
from a distance of 0.7 m. The irradiation time was supposed to correspond to the irradiation
during the storage of waste in the composting plant for 2 or 5 days. Irradiation with UV
rays was to initiate the process of decomposition of oxo-biodegradable polymers. The
composting of the samples prepared in this way was conducted in an industrial composting
plant (Jarocin, Greater Poland Voivodeship, Poland). Initially, composting took place in
closed reactors with active aeration, and then on a heap where the compost matured. The
entire process took about 5 months. After composting had finished, the sample sheets
were removed from the mesh and rinsed thoroughly with distilled water. After washing, a
visual assessment of the condition of the samples was carried out. A detailed description of
the method of conducting the research is presented in the work from 2019 [31]. All samples
were composted at the same time and under the same conditions. Only three out of the
12 samples had completely decomposed, and one was significantly defragmented.

After conducting a visual inspection, all samples were analysed using FTIR spec-
troscopy. A Nicolet iN10 MX spectrometer (Thermo Scientific, Waltham, MA, USA)
equipped with an adapter was used for the samples. The spectra were recorded in the
range of 4000–500 cm−1, with a resolution of 4 cm−1. Interferograms were obtained from
32 scans. Before beginning scanning the samples, the background was irradiated in an
empty transparency adapter. The spectra analysis was conducted for all samples from
trials A, B and C after the composting process, as well as for new samples, not subjected to
composting, constituting the initial spectra (NEW). All laboratory tests were performed in
replicates (several fragments of each sample were analysed). Among the spectra obtained,
those were selected that did not show any disturbances, caused e.g., by the presence of
water. In the case of different coloured samples, scans of parts with different colours
were made. In this way, four sets of spectra were obtained for each sample and analysed.
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Based on the results of the FTIR analysis, the carbonyl index (CI) values were calculated,
according to the Equation (1):

CI = Absorbance at 1713 cm−1/Absorbance at 1464 cm−1 (1)

CI—absorbance ratio of carbonyl and methylene groups. This allows us to determine the
amount of carbonyl compounds formed during the photo-oxidation process [32].

The cluster analysis method was used to detect similarities between the spectra of
the new samples. This is one of multivariate analyses, useful in cases of large amounts of
data (the graph plot of each spectrum consists of 7209 points). Hierarchical cluster analysis
permits group observations into clusters. Inside the clusters similar observations can be
found, though the clusters differ from each other. Grouping is based on similarities or
distance (dissimilarity). The clusters are aggregated according to a decreasing degree of
similarity (or increasing degree of dissimilarity) into one single tree-like cluster, called a
dendrogram [33].

Grouping of observations (agglomeration) was conducted by the Ward method (the
minimum increase of the sum of squares, MISSQ), sometimes called the “minimum vari-
ance” method. This method is based on minimising the heterogeneity (variance) in the
clusters and finding the greatest possible similarity between the observations. Many stud-
ies have demonstrated its accuracy and usefulness in recreating the original structure of
clusters [34,35]. The distances between the objects were determined on the basis of the
Euclidean distance.

3. Results

All of the samples selected for research were composted under identical conditions in
an industrial composting plant. This was to reflect the actual conditions in which the waste
bags are sent together with biodegradable waste for processing and to check whether their
decomposition is possible during the processing of biodegradable waste.

Only three out of the 12 samples failed completely. These were samples 1, 2 and
11. They were certified in accordance with the EN 13432 norm, and as described by the
producers, they were biodegradable and compostable. Sample no. 3 was significantly
defragmented. Figure 1 shows the appearance of the sample before (a) and after the com-
posting process (b). Thin threads remained between the two layers of the sample protection
mesh, disintegrating into dust when touched, which made it impossible to make scans.
As sample no. 3 also had a compostability certificate, it was considered biodegradable.
According to the information provided by the manufacturer, the decomposition of the
packaging in sample no. 3 should take place within 6 weeks to a year. Such a long time
may not ensure complete decomposition of the material in an industrial composting plant,
where the process usually takes several months.

Figure 2 shows the FTIR spectra of new samples 1, 2, 3 and 11, which were decomposed
in the composting process. This was confirmed during a visual assessment. The greatest
changes in peak intensity are visible in new sample no. 3. This sample was made from the
starch or sweet corn and potatoes, but it was also one of the most intensely coloured. Its
composition should have been similar to that in samples 1, 2 and 11, but it may have been
made more difficult by the use of a large amount of dyes. Our 2019 research [36], in which
we analysed the composition of the tested samples, indicated that sample no. 3 contained
large amounts of copper, which is used in the production process to make green dyes.
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Figure 2. Spectra of new samples 1, 2, 3 and 11, which were decomposed in the composting process. The polylactide (PLA)
spectrum was added for comparison.

The spectra of samples 1, 2, 3 and 11 (especially samples 2 and 11) are very similar
to the spectra of biodegradable polymers, such as polylactide (PLA) [37]. We can observe
characteristic peaks at approximately 3320 cm−1, which corresponds to the OH bond,
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sharp peaks at approximately 1712 cm−1 are stretching vibrations of the C≡O ester groups
C≡O [38]. Such changes may indicate the use of renewable raw materials in their produc-
tion, such as corn meal. According to the information provided by the producers, samples
1, 2, 3 and 11 were made entirely of renewable, biodegradable materials.

Table 2 show the changes observed during the analysis of FTIR spectra of samples
that did not decompose during composting.

Table 2. List of changes noticed during the analysis of the Fourier transform infrared (FTIR) spectra of the tested packages
(samples 4, 5, 6, 7, 8, 9, 10, and 12).

Sample
Number

Wave Number (cm−1)

>3001 2001–3000 1001–2000 500–1000

4 ~3289.77 and 3298.11
(C=C double bonds)

~2915 and 2848
(stretching vibrations of
the methylene
C–H group)

~1618–1625 (deformation
vibrations of the amino
group N–H),
~1471 and 1461
(C–H bending
vibrations),
~1320–1000 (C–O oxygen
groups in carboxylic and
ester bonds)

~874, 730 and 718
(C–Cl stretching
vibrations of alkyl
halides)

5

~2915 and 2847
(stretching vibrations of
the C–H
methylene group)

~1472 (C–H
bending vibrations),
~1116 and 1111 (oxygen
groups C–O in carboxylic
and ester bonds)

~874, 730 and 718 (C–Cl
stretching vibrations of
alkyl halides)

6

~2915 and 2847
(stretching vibrations of
the C–H
methylene group)

~1651 (stretching
vibrations of the
C=C bonds),
~1525 (N–O nitro
compounds),
~1461 and 1472 (C–H
bending vibrations),
~1279, 1180 and 1068
(C–O oxygen groups of
carboxylic and
ester bonds)

~874, 841 and 718 (C–Cl
stretching vibrations of
alkyl halides)

7
~3394 (stretching
vibrations of the amino
group N–H)

~2915, 2909, 2844 and
2847 (vibrations of the
C–H methylene group)

~1619 (bending
vibrations of the N–H
amino group),
~1461 and 1462 (C–H
bending vibrations),
~1116 and 1107 (C–O
oxygen groups of
carboxylic and
ester bonds)

~718 (C–Cl
stretching vibrations),
~599 (stretching
vibrations of alkyl
halides C-Br bonds)

8
~3266 and 3394
(stretching vibration of
the N–H amino group)

~2915 and 2847
(vibrations of the
methylene C–H
group—bond stretching
and cleavage)

~1652 and 1648 (N–H
amino group
(bending vibrations),
~1461 and 1471 (C–H
bending vibrations),
~1279, 1099 and 1077
(C–O oxygen groups in
carboxylic and
ester bonds)

~874, 844, 730 and 718
(C–Cl stretching
vibrations),
~600 (C-Br
stretching vibrations)
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Table 2. Cont.

Sample
Number

Wave Number (cm−1)

>3001 2001–3000 1001–2000 500–1000

9
~3266 (stretching
vibrations of the amino
group N–H)

~2916 and 2848
(vibrations of the
methylene C–H
group—bond stretching
and cleavage)

~1651 (bending
vibrations of the N–H
amino group),
~1461 (C–H
bending vibrations),
~1075 (C–O oxygen
groups in carboxylic and
ester bonds)

~718 (C–Cl
stretching vibrations),
~617 (stretching, broad
and strong vibrations of
the C–H and –C≡C–H
alkynes groups)

10
~2915 and 2847
(vibrations of the C–H
methylene group)

~1472 and 1461 (C–H
bending vibrations),
~1094 and 1075 (C–O
oxygen groups in
carboxylic and
ester bonds)

~718 (C–Cl stretching
vibrations of
alkyl halides)

12
~3236 (stretching
vibrations of the N–H
amino group)

~2914 and 2847
(vibrations of the C–H
methylene
group—stretching and
bond cleavage)

~1639 (bending
vibrations of the N–H
amino group),
~1460 (C–H bending
vibrations),
~1101 and 1032 (C–O
oxygen groups in
carboxylic and
ester bonds)

~874 and 718 (C–Cl
stretching vibrations of
alkyl halides)

In all samples that did not decompose during composting, was found the occurrence
of C–O oxygen groups in carboxylic and ester bonds, C–H bending vibrations and C–Cl
(or C–Br) stretching vibrations of alkyl halides. At wavenumbers above 3000 cm−1 they
occurred stretching vibrations of the N–H amino group (samples no. 7, 8, 9, 12). The
bending vibrations of the N–H amino group also occurred with wavenumbers between
1001 a 2000 cm−1 (samples no. 4, 7, 8, 9, 12). Moreover, in samples 4 and 6, vibrations
of C=C bonds were found, and in sample 6 also vibrations of N–O nitro compounds.
The starting decomposition of samples was mainly evidenced by visible discoloration,
roughness and lower elasticity of the material.

Figures 3–5 show the spectra of new samples and three composted variants (Figure 3—
sample no. 5, with the addition of TDPA; Figure 4—sample no. 7, with the addition of
d2w®; Figure 5—the sample described by the manufacturer as a bag for organic waste—
no. 12), that did not decompose. Figures showing the FTIR spectra of the remaining
samples are included in the supplementary materials. The spectra were obtained during
the X-raying of new samples (NEW), composted without irradiation (A), exposed to UV
radiation for 20 h and composted (B) and UV irradiated for 50 h and composted (C). The
Table of Characteristic IR Absorptions, published by the University of Colorado in Boulder,
Department of Chemistry and Biochemistry, was used to analyse the spectra [39,40].

Figure 3 shows the spectra obtained during the X-ray of sample no. 5 (new and three
composted variants). The bands visible at the wave numbers of approximately 2915 and
2847 cm−1 correspond to the stretching vibrations of the methylene C–H group. Initially,
C–H stretching occurs, and then there is a marked drop in the peak, corresponding to bond
cleavage. This applies to all of the samples, including the new ones. However, in the case
of the coloured part of the material, the peaks are most intense for sample C, i.e., irradiated
for 50 h and then composted. Further changes occur only at approximately 1472 cm−1

(occurrence of C–H bending vibrations). The presence of the bands in the wave number
range 1320–1000 cm−1 is small. The growth of the bands around 1116 and 1111 cm−1

confirms the appearance of oxygen groups C–O in carboxylic and ester bonds. The bands
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at approximately 874, 730 and 718 cm−1 correspond to the C–Cl stretching vibrations.
During visual inspection, no significant changes were noted for sample no. 5 after the
composting process.
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In the case of sample no. 7 (Figure 4), the first significant changes appeared already
in the range of wave numbers amounting to approximately 3394 cm−1, which proves
the occurrence of stretching vibrations of the amino group N–H. These changes are most
intense for the coloured part of sample B, i.e., irradiated for 20 h and then composted.
One can also see very intense peaks at approximately 2915, 2909, 2844 and 2847 cm−1,
which correspond to the vibrations of the C–H methylene group. Initially, C–H stretching
occurs, followed by bond cleavage. This applies to all the samples, including the new
ones. Both in the white and coloured parts of the material, peaks in this range are the most
intense for trial C, i.e., irradiated for 50 h and then composted. Further changes occur in
the spectra of coloured materials at the wave numbers of approximately 1619 cm−1, which
corresponds to the appearance of bending vibrations of the N–H amino group. The peaks
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at wave numbers around 1461 and 1462 cm−1 (for white and coloured material) are the
reappearance of C–H bonds (bending vibrations). The next changes concern the wave
numbers in the range from approximately 1116 and 1107 cm−1 and confirm the appearance
of C–O oxygen groups of carboxylic and ester bonds. The bands at approximately 718 cm−1

are C–Cl stretching vibrations. Finally, in the coloured part of sample no. 7B, a very intense
band appears at a wave number of approximately 599 cm−1. According to the authors of
the tables [39,40] these are stretching vibrations of C–Br bonds, alkyl halides, which are
very stable compounds. The presented changes can be related to the visual assessment.
After the composting process, we observed clear changes in the coloured part of sample
no. 7. The sample material was also less flexible.

Materials 2021, 14, x FOR PEER REVIEW 9 of 15 
 

 

at wave numbers around 1461 and 1462 cm−1 (for white and coloured material) are the 
reappearance of C–H bonds (bending vibrations). The next changes concern the wave 
numbers in the range from approximately 1116 and 1107 cm−1 and confirm the appear-
ance of C–O oxygen groups of carboxylic and ester bonds. The bands at approximately 
718 cm−1 are C–Cl stretching vibrations. Finally, in the coloured part of sample no. 7B, a 
very intense band appears at a wave number of approximately 599 cm−1. According to the 
authors of the tables [39,40] these are stretching vibrations of C–Br bonds, alkyl halides, 
which are very stable compounds. The presented changes can be related to the visual 
assessment. After the composting process, we observed clear changes in the coloured 
part of sample no. 7. The sample material was also less flexible. 

 
Figure 4. Sample no. 7 spectra: (a) spectra generated by the white part of the sample material, (b) spectra generated by the 
coloured part of the sample material. 

Figure 4. Sample no. 7 spectra: (a) spectra generated by the white part of the sample material, (b) spectra generated by the
coloured part of the sample material.

In the case of sample no. 12 (Figure 5) the first changes appear in all samples in the
range of wave numbers amounting to approximately 3236 cm−1, and this is the occurrence
of stretching vibrations of the amino group N–H. The bands visible at the wave numbers
of approximately 2914 and 2847 cm−1 correspond to the vibrations of the methylene C–H
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group (stretching and bond cleavage). Changes at approximately 1639 cm−1 correspond to
the appearance of bending vibrations of the N–H amino group. Further changes occur at
approximately 1460 cm−1 (occurrence of C–H bending vibrations). The growth of the bands
around 1101 and 1032 cm−1 is the appearance of oxygen groups C–O in carboxylic and
ester bonds. The bands at approximately 874 and 718 cm−1 are C–Cl stretching vibrations.
Sample no. 12 was made entirely of a brown-coloured material which did not change its
structure after the composting process, and the colour changes were minor. The material
was still flexible and durable. The producers suggested choosing this type of bag for
collecting organic waste (as indicated by the description on the packaging), but even a
visual assessment aroused doubts regarding its purpose. The structure, appearance and
flexibility of the bag were almost identical to those made of polyethylene.
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Figure 5. Spectra of sample no. 12 (the entire sample was made up of brown material).

Figure 6 shows the carbonyl index values for the samples after composting. In most
cases, the indexes achieved higher values for samples that were exposed to UV radiation
for 20 h before composting (B).

This does not confirm the results of the spectra analysis, which showed some changes
(indicating the ongoing degradation process) in some of the samples irradiated for 50 h.
The changes were not clear, they indicated that the decomposition of the samples was
starting, even though the composting process was finished.

The use of hierarchical cluster analysis (supplementary materials, Figure S6) confirmed
the existence of similar relationships between the spectra of the tested samples. Samples
that were completely decomposed during composting (1, 2, 3, 11) ended up in the first main
cluster (A), along with the color part of sample no. 6. According to the manufacturer’s
declaration, 85% of it was made from sugar cane and there were signs of a biodegradation
process. Samples 1, 2, 3 and 11 could be made of materials containing similar components.
The remaining samples were included in the second cluster (B). It includes all the samples
that were not decomposed in the composting process (except for the coloured part of
sample no. 6). This cluster is divided into two smaller ones: the first one (B′) is dominated
by coloured parts of samples (4, 10, 5, 8) and samples of uniform colour (9 and 12). It
also includes the white parts of samples 4 and 5. Most of the mentioned samples showed
an increase in the CI value after 20 h irradiation compared to the samples composted
without irradiation. The second cluster (B”) has the most white samples (6, 8, 7, 10), and
the coloured part of sample number 7 belongs to this.

134



Materials 2021, 14, 6449

Materials 2021, 14, x FOR PEER REVIEW 11 of 15 
 

 

the coloured part of sample no. 6). This cluster is divided into two smaller ones: the first 
one (B′) is dominated by coloured parts of samples (4, 10, 5, 8) and samples of uniform 
colour (9 and 12). It also includes the white parts of samples 4 and 5. Most of the men-
tioned samples showed an increase in the CI value after 20 h irradiation compared to the 
samples composted without irradiation. The second cluster (B″) has the most white 
samples (6, 8, 7, 10), and the coloured part of sample number 7 belongs to this. 

 
Figure 6. Values of the carbonyl indexes for samples after composting: A—composted without irradiation, B—exposed to 
UV radiation for 20 h and composted, C—irradiated for 50 h and composted. 

4. Discussion 
Synthetic polymer packaging is readily available, flexible and resistant to many 

factors. However, they are not renewable, non-biodegradable and pose a threat to the 
environment. Packages made of natural raw materials (biodegradable and ecological) are 
usually very light, thin and have low durability. They are not resistant to factors such as 
water, air and high temperature. It is very difficult to obtain a material that is both bio-
degradable, environmentally safe and durable [41]. Work on finding the golden mean in 
this area is ongoing. New types of material are appearing that may replace those previ-
ously used. There are many different packages available on the market for consumers 
described by producers as biodegradable and oxo-biodegradable. The information on 
these packages is not always accurate. Our research has shown that not all packaging 
decomposes, despite the fact that the research conditions corresponded to real-world 
conditions. Another scenario, e.g., longer exposure to UV rays, additional mechanical 
actions, heating, are not possible or available under real composting conditions. 

All samples analysed with the use of FTIR spectroscopy were characterised by dif-
ferences in the obtained spectra. The samples that did not decompose in the composting 
process were characterised by intense bands in the 3000–2800 cm−1 range, which corre-
spond to the stretching and cleavage of the C–H group bonds. These bands are charac-
teristic, for example, for polypropylene [42], they did not occur in samples 1, 2, 3 and 11, 
which completely decomposed in the composting process. All of the samples also had 
new peaks below 1500 cm−1, known as the dactyloscopic range. Bands of stretching vi-
brations of single bonds appear (for example, C–H, C–Cl), corresponding to deformation 
vibrations, as well as groups of C–O oxygen carboxylic and ester bonds. The observed 
changes in the spectra indicate the occurrence of the oxidation and degradation process 
of the materials used in the samples. The spectra of samples 4, 7, 8 and 9, belonging to the 
films described as oxo-biodegradable, are similar to those presented by Benitez et al., 
who studied the degradation of polyethylenes with pro-oxidants added. The authors also 
found that these types of material oxidize the components and degrade the material 
[43,44]. Also in the case of sample no. 6, some changes appeared, indicating the occur-
rence of the sample decomposition process (especially the coloured part). In the case of 

 A B C

 5 COLOUR
 7 WHITE
 6 WHITE
 10 WHITE
 10 COLOUR
 9
 5 WHITE

A B C
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20
 12
 8 WHITE
 8 COLOUR
 7 COLOUR
 4 WHITE
 4 COLOUR
 6 COLOUR

CI

Figure 6. Values of the carbonyl indexes for samples after composting: A—composted without irradiation, B—exposed to
UV radiation for 20 h and composted, C—irradiated for 50 h and composted.

4. Discussion

Synthetic polymer packaging is readily available, flexible and resistant to many factors.
However, they are not renewable, non-biodegradable and pose a threat to the environment.
Packages made of natural raw materials (biodegradable and ecological) are usually very
light, thin and have low durability. They are not resistant to factors such as water, air
and high temperature. It is very difficult to obtain a material that is both biodegradable,
environmentally safe and durable [41]. Work on finding the golden mean in this area is
ongoing. New types of material are appearing that may replace those previously used.
There are many different packages available on the market for consumers described by
producers as biodegradable and oxo-biodegradable. The information on these packages is
not always accurate. Our research has shown that not all packaging decomposes, despite
the fact that the research conditions corresponded to real-world conditions. Another
scenario, e.g., longer exposure to UV rays, additional mechanical actions, heating, are not
possible or available under real composting conditions.

All samples analysed with the use of FTIR spectroscopy were characterised by differ-
ences in the obtained spectra. The samples that did not decompose in the composting pro-
cess were characterised by intense bands in the 3000–2800 cm−1 range, which correspond
to the stretching and cleavage of the C–H group bonds. These bands are characteristic,
for example, for polypropylene [42], they did not occur in samples 1, 2, 3 and 11, which
completely decomposed in the composting process. All of the samples also had new peaks
below 1500 cm−1, known as the dactyloscopic range. Bands of stretching vibrations of
single bonds appear (for example, C–H, C–Cl), corresponding to deformation vibrations,
as well as groups of C–O oxygen carboxylic and ester bonds. The observed changes in the
spectra indicate the occurrence of the oxidation and degradation process of the materials
used in the samples. The spectra of samples 4, 7, 8 and 9, belonging to the films described
as oxo-biodegradable, are similar to those presented by Benitez et al., who studied the
degradation of polyethylenes with pro-oxidants added. The authors also found that these
types of material oxidize the components and degrade the material [43,44]. Also in the
case of sample no. 6, some changes appeared, indicating the occurrence of the sample
decomposition process (especially the coloured part). In the case of samples no. 7 and 8,
the analysis of the spectra revealed the presence of compounds from the group of alkyl
halides (C–Br bonds). These compounds are used in the chemical industry and can pose a
threat to the environment. Bromine is used in the production of dyes, and its compounds
are persistent and stable in the environment. Some of the dyes can also be carcinogenic
and mutagenic [45]. Perhaps due to the intense colour of the samples (prints, inscriptions),
this compound appeared in them.
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Registered changes were found for both white and coloured material. However, they
prove abiotic degradation, i.e., the process of initial oxidation of the sample material. This
is the stage before proper biodegradation with the use of microorganisms [46–48]. It should
be noted that the results relate to samples that have already been treated in the composting
process. Therefore, they cannot be considered biodegradable, nor can they be considered
to degrade in the environment or in compost. In this case, the analysis of spectra obtained
using FTIR spectroscopy cannot be treated as the only confirmation of biodegradability.
They should be supplemented with other types of test. The carbonyl index allows us to
determine the amount of carbonyl compounds formed during the photo-oxidation process.
However, it has been shown that a significant part of the oxidation product is omitted,
because it evaporates into the atmosphere. Therefore, this indicator cannot be considered as
a reliable probe to measure the extent of oxidation and does not reflect the total degradation
of the mechanical properties of the polymer [49]. Moreover, the conditions under which
biodegradability was tested are important. If these were laboratory conditions, they also
do not have to demonstrate the ability to be completely biodegradable, because such
conditions are different from real ones and this information may mislead the consumer.

The conducted tests were aimed at assessing the degree and nature of changes occur-
ring during the decomposition of selected packaging and confirming that at various stages
of material biodegradation, harmful microplastics and substances contained in plastics
may be released into the compost. The processing of plastics together with organic waste
causes the pollution to enter the compost, which can then be used as fertiliser [50].

Analysis of the spectra also showed that earlier irradiation of samples did not bring the
expected results. According to some authors, earlier exposure of plastics to UV radiation
accelerates biodegradation [51] or increases growth of carbonyl indicators [52]. The results
show only partial degradation of the samples. In samples no. 5, 6 and 7 there were greater
differences between the spectra of samples irradiated for 50 h and the others. Visual
inspection confirmed that the structure of some samples had been disturbed. An earlier
publication presented the content of selected components in samples before and after
the composting process [36]. Analyses have shown that elements such as zinc, copper,
chromium and lead can get into the compost. During the decomposition of biodegradable
and oxo-biodegradable plastics, microplastic particles may also form, which accumulate
in the environment. This was also confirmed by other authors [53,54]. Microplastics are a
potential threat to flora and fauna [55], and they affect the functions of soil and microbial
communities [56]. The biodegradation of packaging used as waste bags or for storing
food is very important, because it concerns many elements of the environment. Errors
resulting from a too rash assessment of biodegradability potential may pose a threat to the
environment and even to the health and life of animals.

5. Conclusions

The analysis of the results of the conducted research allowed for the formulation of
the following conclusions:

• As a result of the research, only some of the composted samples decomposed. In the
remaining samples, only slight traces of degradation were visible, despite the fact that
all the bags selected for the tests were to undergo oxo- and biodegradation.

• FTIR spectroscopy is a method that can be used to confirm the degradation of
biodegradable and oxo-biodegradable materials; however, the results obtained in
this way may not give unequivocal information about the degree of actual degrada-
tion of a given material. It may, however, help in detecting similarities in the structure
of the analysed plastics.

• The analysis of spectra obtained with the use of FTIR spectroscopy indicated the
presence of compounds in the tested samples that may be a potential source of compost
contamination. Apart from the observation of the compounds proving the degradation
of the material (oxygen groups, changes in C–H bonds), groups of alkyl halides
were detected.
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• Alkyl halide groups were found in most of the samples that were not decomposed in
the composting process. These were the following samples: oxo-biodegradable (4, 7, 8,
10, 12) and biodegradable (6).

• The analysis of the spectra of the samples subjected to irradiation with UV rays and
non-irradiated ones shows that there are no clear differences between the spectra of
the irradiated and non-irradiated samples.

• Plastics with certificates confirming their biodegradability and compostability should
be completely biodegradable in real conditions (e.g., during composting). Each compo-
nent used in their production should be similarly tested, i.e., the dyes used should be
completely biodegradable and safe for the environment. An example is the intensely
coloured biodegradable sample no. 3, the decomposition of which was difficult, and
metals such as copper, zinc and chromium could have entered the environment along
with the compost.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma14216449/s1, Figure S1: Sample no. 4 spectra: (a) spectra generated by the white part
of the sample material, (b) spectra generated by the coloured part of the sample material, Figure S2:
Sample no. 6 spectra: (a) spectra generated by the white part of the sample material, (b) spectra
generated by the coloured part of the sample material, Figure S3: Sample no. 8 spectra: (a) spectra
generated by the white part of the sample material, (b) spectra generated by the coloured part of
the sample material, Figure S4: Spectra of sample no. 9 (the entire sample was made up of white
material), Figure S5: Sample no. 10 spectra: (a) spectra generated by the white part of the sample
material, (b) spectra generated by the coloured part of the sample material, Figure S6: Dendrogram
showing the analyzed new samples. Agglomeration was carried out using the Ward method.
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31. Markowicz, F.; Król, G.; Szymańska-Pulikowska, A. Biodegradable Package-Innovative Purpose or Source of the Problem. J. Ecol.
Eng. 2019, 20, 228–237. [CrossRef]

32. Kumanayaka, T.O.; Parthasarathy, R.; Jollands, M. Accelerating effect of montmorillonite on oxidative degradationof polyethylene
nanocomposites. Polym. Degrad. Stabil. 2010, 95, 672–676. [CrossRef]

33. Mongi, C.E.; Langi, Y.A.R.; Montolalu, C.E.J.C.; Nainggolan, N. Comparison of hierarchical clustering methods (case study:
Data on poverty influence in North Sulawesi). In IOP Conference Series: Materials Science and Engineering, Proceedings of the
3rd Indonesian Operations Research Association-International Conference on Operations Research, Manado, Indonesia, 20–21
September 2018; IOP Publishing Ltd.: Bristol, UK, 2019; p. 012048.

34. Majerová, I.; Nevima, J. The measurement of human development using the Ward method of cluster analysis. J. Int. Stud. 2017,
10, 239–257. [CrossRef]

35. Eszergár-Kiss, D.; Caesar, B. Definition of user groups applying Ward’s method. Transp. Res. Procedia 2017, 22, 25–34. [CrossRef]
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Abstract: Valorization of food industry waste and plant residues represents an attractive path towards
obtaining biodegradable materials and achieving “zero waste” goals. Here, melanin was isolated
from watermelon (Citrullus lanatus) seeds and used as a modifier for whey protein concentrate
and isolate films (WPC and WPI) at two concentrations (0.1% and 0.5%). The modification with
melanin enhanced the ultraviolet (UV) blocking, water vapor barrier, swelling, and mechanical
properties of the WPC/WPI films, in addition to affecting the apparent color. The modified WPC/WPI
films also exhibited high antioxidant activity, but no cytotoxicity. Overall, the effects were melanin
concentration-dependent. Thus, melanin from watermelon seeds can be used as a functional modifier
to develop bioactive biopolymer films with good potential to be exploited in food packaging and
biomedical applications.

Keywords: melanin; watermelon seeds; whey protein; bioactive films; plant residues

1. Introduction

The food market represents a large part of the global economy and is growing every year.
Hand-in-hand, this economic sector is now also responsible for approx. 1.3 billion tons of waste per
annum [1]. This waste, from fruit, vegetable, and food, includes waste generated during all aspects of
food production: cleaning, processing, cooking, and packaging. However, some of these waste products
and/or by-products can be important sources of bioactive compounds, such as phenolic compounds,
dietary fiber, polysaccharides, vitamins, carotenoids, pigments, and oils [2]. These compounds can
be potentially used in the development of novel food products (food additives and functional foods)
or food packaging materials. This is an attractive path towards waste valorization in line with
current market trends connected with “zero waste” goals and the so-called circular economy [3,4].
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Therefore, continuing research into both the characterization and utilization of compounds obtained
from food-industry waste/by-products is important, because it may offer a path towards improved
sustainability of the food industry. This could significantly mitigate environmental problems associated
with this industry, as well as have a positive impact from the point of view of climate change [1,2,5].

Watermelon (Citrullus lanatus, clade: Rosids, order: Cucurbitales, family: Cucurbitaceae) is a very
popular fruit, with the flesh both consumed, as well as processed into juice and juice concentrates,
due to water content approaching 92% of total weight. However, watermelon seeds, which constitute
about 1 to 4% of total fruit weight, are not routinely eaten with the pulp [6–9]. At the same time,
these seeds do have economic value, particularly in countries where cultivation is increasing. They can
be used to prepare snacks or be milled into flour and used in sauces. Watermelon seeds are reported to
be a rich source of proteins, vitamins B and E, minerals (such as magnesium, potassium, phosphorous,
sodium, iron, zinc, manganese and copper), polyunsaturated fatty acids such as omega-6 (linoleic
acid), and monounsaturated fatty acids, such as omega-9 (oleic acid). They also consist of saturated
fatty acids, such as palmitic acid and stearic acid, and were found to be rich in γ-sitosterol, β-sitosterol,
and lupeol [6–9]. Further, they are a promising source of useful compounds with potential biofunctional
properties such as polyphenols, saponins, alkaloids and flavonoids [10,11]. However, despite these
applications, watermelon seeds are still typically discarded, with only the fruit being eaten [10,12].

Biodegradable edible films are defined as a thin layer of material, that can be consumed. They are
typically used to extend the shelf life and/or to improve the quality of foods. For example, they can
be used to act as barriers to mass transfer, carriers of specific ingredients, or for the improvement of
mechanical/handling characteristics of the product [13–15]. Growing consumer demand for high-quality
foods, along with increasing environmental concern regarding the disposal of non-renewable food
packaging materials, has led to a great deal of interest in the development of novel, biodegradable
edible films/coatings [1,15,16]. However, such films, which are typically composed of biopolymers,
can be also used in biomedical applications i.e., as wound dressings [17]. Further, the functional
properties of such biopolymer films can be improved by adding different biofunctional compounds
(e.g., antioxidant and/or antimicrobial properties). In this fashion, one can obtain biodegradable,
bioactive materials with properties suitable for a range of diverse applications, while reducing the use
of synthetic chemical additives that may have negative on human health or the environment [1,15,16].

At present, the packaging industry is dominated by synthetic polymers (plastics), because they
are very cheap and possess good mechanical and physical properties. The annual plastic production
is estimated to be approx. 300 million tons, of which 40% is used in packaging. However, this wide
use of synthetic packaging materials has caused serious concerns, due to their high environmental
impact [1,18]. Synthetic packaging polymers are petroleum-based and thus non-renewable, while at the
same time being typically non-biodegradable. As a result, packaging accounts for large amounts of waste
materials and pollution in the environment [1,13,19]. As a result, there is a pressing need to develop
new, more eco-friendly packaging materials. In this context, biopolymers are very promising, because,
compared to petroleum-based synthetic plastics, they are derived from a biological origin, making
them renewable, biodegradable, and non-toxic or biocompatible [1,14]. A wide range of carbohydrates,
proteins, and lipids—all derived from renewable sources—are being investigated as biodegradable
alternatives, to improve sustainability and recyclability [1,13,20,21]. In particular, protein-based films
are promising, due to better mechanical attributes, barrier characteristics, and nutritional-promoting
properties, as compared to polysaccharide and lipid-based materials [20,22]. Gradually, bio-sourced
materials are likely to replace the commonly utilized petroleum-based polymers, as environmental
and sustainability externalities become increasingly accounted for in their cost [23].

Among protein-based edible films, whey protein (WP) films have received increased interest,
because they possess interesting sensorial, optical, and mechanical barrier properties [24,25]. Whey is
a protein-rich, major by-product of the cheese manufacturing industry [1,24,26]. In fact, this industry
generates large volumes of fluid whey, that need to be properly disposed of, in order to avoid potential
environmental problems [25]. Thus, whey protein-based edible films and coatings are not only
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value-added products, but also offer a potential solution to the disposal problem [1]. Heat-denatured
whey proteins, with the addition of a plasticizer, yield transparent, bland, and flexible films with very
good resistance to oxygen, aroma, and lipid transfer at low humidity [15,23]. However, the hydrophilic
nature of the proteins enables interactions with water, which leads to a reduction in the moisture
barrier properties [25,27]. In addition to applications in edible films, whey protein concentrates and
isolates (WPC, WPI) also have the potential to be used in the biomedical field, for example forming
hydrogels as bioactive carriers or by leveraging their antioxidative properties [28–31].

Melanins are black and brown biopigments, consisting of high molecular weight heterogeneous
polymers derived from the oxidation of monophenols and the subsequent polymerization
of intermediate o-diphenols and their resulting quinones [32]. The molecular structure of
melanins includes multiple different reactive functional groups (−OH, −NH, and −COOH) [21].
They can be obtained and have been characterized by a variety of natural sources, including
animals, plants, bacteria, and fungi [10,11,33,34]. Importantly, melanins are multifunctional and
biologically-active, natural macromolecules and can be characterized as antioxidant, radioprotective,
thermo-regulative, chemoprotective, antitumor, antiviral, antimicrobial, immunostimulating and/or
anti-inflammatory [10,32,34–36]. Potentially, melanins could be used to impart some of these important
attributes to polymers. In the case of biopolymers, this could enhance performance, as well as
sustainability credentials. Further, melanins could enable a wide range of applications, for example by
facilitating cross-linking during polymerization, providing antioxidant or antimicrobial activity, altering
light scattering ability, or improving other biological properties of the polymers [18,19,37]. Importantly,
melanins, like biopolymers, are obtained from renewable resources and are non-toxic; these two features
make their use “greener” than many existing commercial additives [35]. Importantly, large-scale
production of melanins by microorganisms digesting food waste, as well as by sustainable extraction
from natural plant-residues (e.g., watermelon seeds) have been demonstrated [10,11,34]. In fact,
melanin from watermelon seeds has been shown to have antioxidant and UV-barrier properties [10].
However, compared to their potential, the use of melanins remains under-explored. The relatively few
examples typically involve their blending/use with polymers (as chemical modifiers or nanofillers) to
modify films and coatings, for example: gelatin [38,39], poly(lactic acid) [18], alginate [21], agar [19],
carrageenan [13], cellulose [22], chitosan [14], poly(vinyl alcohol) [40], polypropylene/poly(butylene
adipate-co-terephthalate) [37], polyhydroxybutyrate [41] and, ethylene-vinyl acetate copolymer [35].

In this study, our aim was to investigate the effect of adding melanin obtained from watermelon
seed on the properties of whey protein concentrate/isolate (WPC/WPI) films. To the best of our
knowledge, no reports have been published on the modification of WPC or WPI films with natural
melanin to improve the functionality of the materials. We used UV-Vis and IR spectroscopy to examine
the chemical composition of films after melanin addition. Additionally, we also assessed the influence
of melanin on the color, hydrodynamic, and optical properties of the films. Finally, in order to evaluate
the potential (bio) functionality of the obtained materials, we evaluated their mechanical, barrier, and
antioxidant properties and screened for any potential cytotoxicity in vitro.

2. Materials and Methods

2.1. Materials and Reagents

Whey protein concentrate (WPC, 85% protein content) and whey protein isolate (WPI, 90%
protein content) manufactured from sweet cheese whey using cross-flow membrane filtration
were purchased from Volac International Ltd. (Hertfordshire, UK). Calcium chloride, hydrogen
peroxide, disodium phosphate, monosodium phosphate, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), potassium persulphate, potassium
ferricyanide, trichloroacetic acid, ferric chloride, iron sulphate, tris(hydroxymethyl)aminomethane,
pyrogallol, ortophenantroline, L929 murine fibroblasts, Dulbecco’s Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), resazurin, l-glutamine, penicillin, streptomycin, and all other cell culture
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reagents were purchased from Sigma Aldrich (Darmstad, Germany). Glycerol, ammonia water,
hydrochloric acid, sodium hydroxide, chloroform, ethyl acetate, ethanol and methanol were supplied
from Chempur (Piekary Śląskie, Poland). Cell culture plasticware was purchased from VWR
International (Radnor, PA, USA). All chemicals were of analytical grade.

2.2. Isolation, Purification and Preparation of Melanin Powder

Fresh Crimson Sweet watermelons (Citrullus lanatus) were purchased at a local market (Szczecin,
Poland). Melanin isolation and purification were performed as described previously [10]. Briefly,
watermelon seeds were first manually removed, then rinsed three times with distilled water, and finally
dried at room temperature. Then, melanin was extracted by soaking 5 g of seeds in 50 mL of 1 M
NaOH on an orbital shaker (150 rpm, 50 ◦C, 24 h), followed by centrifugation (6000× g rpm, 10 min)
to remove plant tissue. Next, in order to precipitate the melanin, 1 M HCl was added to the alkaline
mixture until the pH was 2.0, followed by centrifugation (6000× g rpm, 10 min). Then, the resultant
pellet was first hydrolyzed in 6 M HCl (90 ◦C, 2 h), centrifuged (6000× g rpm, 10 min), and washed
with distilled water five times to remove acid. After this procedure, in order to remove lipids and other
residues, the pellet was washed with chloroform, ethyl acetate, and ethanol three times. Thus obtained,
the purified melanin was dried and ground to a fine powder in a mortar.

2.3. Preparation of WPC and WPI Films

WPC/WPI-based films were prepared based on the methodology of Catarino et al. with minor
modifications [24]. Briefly, film-forming solutions with a protein concentration of 10% (w/w) WPC or
WPI were prepared in distilled water, at room temperature under continuous stirring. Once completely
dissolved, ammonia water was added to adjust the pH to 8.0. Next, melanin was added to obtain
concentrations of 0.1% and 0.5% (w/w) and stirred (250 rpm) for 1 h, until the melanin was completely
dissolved. This mixture was then heated for 10 min in a water bath at 90 ◦C, until a uniform appearance
was observed. Next, the mixture was cooled to room temperature and 5% (w/w) of glycerol (on
a film-forming solution basis) was added, followed by homogenization. As reference materials,
neat WPC/WPI films, without melanin addition, were also produced following the same procedure.
All film samples were prepared in 10 repetitions. The film-forming solutions were cast on square
(120 mm × 120 mm) polystyrene plates and dried at 40 ◦C for 48 h. Then, the dry films were carefully
peeled off of the plates and conditioned at 25 ◦C and 50% RH in the clean room, prior to any tests.

2.4. Determination of Moisture Content, Water Solubility and Swelling Ratio

The moisture content (MC), water solubility (WS), and swelling ratio (SR) of obtained films
were analyzed following the methodology of Roy et al. [14]. In brief, MC was determined as the
weight change of the films after drying at 105 ◦C for 24 h. To determine the water solubility (WS),
film specimens (2.5 cm × 2.5 cm) were first dried at 60 ◦C overnight and then weighed. The dried films
were then dipped in 30 mL of distilled water for 24 h with occasional shaking at 25 ◦C, then carefully
removed with a tweezer, and dried at 105 ◦C for 24 h, and finally re-weighed. The WS of the films was
then calculated using the following formula:

WS (%) =
W1 −W2

W1
× 100 (1)

where W1 is the initial and W2 is the final weight of the films, respectively.
To determine the SR of the films, pre-weighed samples were submerged in 30 mL of distilled

water for 1 h. Then, surface water was carefully removed using filter paper and the samples were
re-weighed. The following formula was used to calculate SR:

SR (%) =
W2 −W1

W1
× 100 (2)
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where W1 is initial and W2 is the final weight of the films, respectively.

2.5. Thickness, Mechanical, and Thermal Properties of WPC/WPI Films

The thickness of all obtained films was measured using a hand-held micrometer (Dial Thickness
Gauge 7301, Mitoyuto Corporation, Kangagawa, Japan) with an accuracy of 0.001 mm. Each film was
measured in five random points and the results were averaged.

The mechanical properties of the obtained films were tested using a Zwick/Roell 2,5 Z universal
testing machine (Ulm, Germany). Static tensile testing was carried out to assess tensile strength and
elongation at break (The gap between tensile clamps was 25 mm and crosshead speed was 100 mm/min).

Differential scanning calorimetry (DSC) measurements to assess thermal properties were carried
out using a DSC calorimeter (DSC 3, Mettler-Toledo LLC, Columbus, OH, USA) over a temperature
range from 30 to 300 at ϕ = 10◦/min and under nitrogen flow (50 mL/min), performing two heating
and one cooling scans.

2.6. The Water Vapour Transmission Rate (WVTR) of the Films

A gravimetric method was used to determine the Water Vapour Transmission Rate (WVTR) of the
obtained films, as described previously [18]. This method relies on the sorption of humidity by calcium
chloride. Briefly, 9 g of dry CaCl2 was placed inside a container and sealed with 8.9 cm2 samples of
each film. Over the course of four days, the containers were weighed daily and the increase in mass
indicated that water vapor passed through the films. For each film type, 10 film samples were tested,
and average values for each day were calculated and used to express WVTR in g/(m2 × day).

2.7. The Water Contact Angle (WCA)

The water contact angle of all obtained films was measured using a Haas µL goniometer (Poznań,
Poland). Briefly, for each film, a microsyringe was used to deposit a drop of water on the surface.
Three drops were analyzed and the contact angles were averaged.

2.8. Spectral Analysis

The UV-Vis spectra (300–700 nm) of the film samples were measured using a UV-Vis Thermo
Scientific Evolution 220 spectrophotometer (Waltham, MA, USA).

Infrared spectroscopy was used in order to assess the chemical composition of obtained films,
as described previously [18]. Briefly, 4 cm2 squares of each film were placed directly on the ray-exposing
stage of the ATR accessory of a Perkin Elmer Spectrum 100 FT-IR spectrometer (Waltham, MA, USA)
operating in ATR mode. Spectra (64 scans) were recorded over a wavenumber range of 650–4000 cm−1,
at a resolution of 4 cm−1. For analysis, spectra were baseline corrected and normalized using
SPECTRUM software [18].

2.9. Color Analysis

The effect of melanin on the color of the films was measured using a colorimeter (CR-5, Konica Minolta,
Tokyo, Japan). For each film type, five samples were analyzed, by making three measurements on both
sides of each sample. The results (mean ± standard deviation) were expressed as L* (lightness), a* (red
to green), and b* (yellow to blue). Additionally, ∆E (color difference) and YI (yellowness index),
compared to unmodified WPC/WPI films, were also calculated as follows:

∆E = [(Lstandard − Lsample)2 + (astandard − asample)2 + (bstandard − bsample)]0.5 (3)

YI = 142.86b*L−1 (4)
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2.10. Antioxidant Potential of the Films

2.10.1. Reducing Power

The reducing power of the films was determined based on the previously described
methodology [42] with our own modification. Briefly, film samples (100 mg) were placed in 1.25 mL of
phosphate buffer (0.2 M, pH 6.6), followed by the addition of 1.25 mL of 1% potassium ferricyanide
solution. Samples were then incubated for 20 min at 50 ◦C followed by the addition of 1.25 mL of
trichloroacetic acid. Next, the test tubes were centrifuged at 3000× g rpm for 10 min and 1.25 mL of
obtained supernatant was diluted with 1.25 mL of deionized water. Finally, 0.25 mL of 0.1% ferric
chloride solution was added and the absorbance was measured at 700 nm.

2.10.2. Free Radical Scavenging Activity

The free radical scavenging activity of WPC/WPI films was assessed towards ABTS, DPPH,
superoxide (O2

−), and hydroxyl (·OH) radicals. ABTS and DPPH tests were performed according to
Bishai et al. with a slight modification [43]. For the ABTS test, 5 mL of 7 mM ABTS was mixed with 5 mL
of 2.45 mM potassium persulfate to obtain the radical 2,2′-azino-bis(3-ethylbenzothiazoline)-6-sulphonic
acid (ABTS+). After 16 h of incubation at room temperature protected from light, the solution was
diluted to an absorbance maximum of 1.00 at 734 nm using water. To 25 mL of this ABTS+ solution,
samples of each film (100 mg) were added and incubated up to 1 h at room temperature. As a
control, tubes of ABTS+ solution were incubated under identical conditions, but without films. Finally,
absorbance was measured and ABTS scavenging was calculated using the equation:

Free radical scavenging activity (%) =
Asample −Acontrol

Asample
× 100, (5)

where Asample is the absorbance of ABTS+ solution with the film sample and Acontrol is the absorbance
of ABTS+ solution without sample.

To determine DPPH radical scavenging activity, 100 mg of each film was placed in 25 mL of
0.01 mM DPPH methanolic solution, incubated for 30 min at room temperature, and absorbance at
517 nm was measured. As a control, the same solution was measured but without any film samples.
The DPPH radical scavenging activity was calculated using Equation (5).

Superoxide (O2
−) scavenging activity was assessed using the pyrogallol oxidation inhibition assay,

following the methodology of Ye et al. with some modification [44]. Briefly, 100 mg of each film was
incubated for 5 min in 3 mL of 50 mmol/L (pH 8.2) Tris-HCl buffer with gentle stirring. Then, 0.3 mL of
7 mM pyrogallol solution that was preheated to 25 ◦C was added and the mixture was allowed to react
for exactly 4 min. To terminate the reaction 1 mL of 10 mM HCl was added and the absorbance was
measured at 318 nm. The O2

− scavenging rate was calculated from the formula:

O−2 inhibition (%) =

[
1− (A1 −A′1)

A0

]
× 100, (6)

where A1 is the absorbance of the mixture in the presence of the sample, A′1 is the absorbance of water
instead of the reaction agent, and A0 is the absorbance without the sample.

Hydroxyl (·OH) scavenging was assessed using the method of Ye et al. [44] with some modification.
Film specimens (100 mg) were placed in a mixture of 1.5 mL of 5 µM ortophenantroline solution and
2 mL of phosphate buffer (pH 7.4, 0.05 M). Then, 1 mL of 7.5 mM FeSO4 solution was added, followed
by 1 mL of 0.1% H2O2, and, finally, distilled water was added to bring the total volume to 10 mL.
The reaction solution was incubated at 37 ◦C for 1 h, protected from light, and the absorbance was
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measured at 536 nm. Ortophenatroline solution without H2O2 (replaced by 1 mL of methanol) served
as a blank. The following formula was used to calculate hydroxyl scavenging:

·OH inhibition (%) =

[
A2 −A1

A0 −A1

]
× 100, (7)

where A0 is the ortophenatroline solution without H2O2 addition, A1 is the absorbance without the
sample, and A2 is the absorbance in the presence of the sample.

2.11. Evaluation of Cytotoxicity

In order to screen for potential cytotoxicity, extract tests and direct contact tests were carried
out based on ISO 10993-5 using L929 murine fibroblasts [45]. Cells (passage 20–25) were maintained
in complete growth medium: DMEM containing 10% FBS, 2 mM l-glutamine, 100 U/mL penicillin,
and 100 µg/mL streptomycin. For each material, 8-mm discs were cut using a steel punch and sterilized
using 20 min exposure to UV lamp in BSL-2 safety cabinet (Telstar Bio II Advance, Barcelona, Spain).
Extracts were prepared by placing six 8-mm diameter discs of each material in a tissue culture plate and
soaking in 1 mL of growth media (ratio: 3 cm2/mL) for 24 h at 37 ◦C. Medical grade PCL (CAPA6340)
was used as a negative control, nitrile glove (Mercator Nitrylex Classic, Kraków, Poland) served as a
positive (toxic) control, and as a sham extract, 1 mL of media was added to an empty well. In parallel,
10,000 L929 cells were seeded per well of a 96-well plate and allowed to adhere and spread for 24 h.
Next, the media was aspirated and replaced with 100 µL of extract, six technical replicates per material.
After a further 24 h of culture, cell viability was assessed using an inverted light microscope (Delta
Optical IB-100, Mińsk Mazowiecki, Poland) and resazurin viability assay [46] using a fluorescent plate
reader (Biotek Synergy HTX, Winooski, VT, USA) (excitation 540 nm, emission 590 nm).

For the direct contact assay, 30,000 L929 cells were seeded per well of a 48-well plate and allowed
to adhere and spread for 24 h. Then, discs of each material (8 mm diameter) were placed directly on top
of the cell monolayer (n = 5 discs per material). Cells were then maintained for another 24 h of culture
and viability was assessed using an inverted light microscope and resazurin viability assay—without
removal of discs—as described previously.

For both experiments, viability data obtained from resazurin assay was analyzed by subtracting
blank signal (growth media only, no cells) from all other measurements and normalizing to sham-treated
cells. Both the extract and direct contact assay were performed twice.

2.12. Statistical Analyses

Statistical comparisons were performed using Statistica version 10 (StatSoft Polska, Kraków,
Poland). Differences between means were determined using analysis of variance (ANOVA) followed
by Fisher’s LSD post-hoc testing with a significance threshold of p < 0.05. All measurements were
carried out in at least triplicate.

3. Results and Discussion

3.1. Hydrodynamic Properties (Moisture Content, Water Solubility and Swelling Ratio)

The MC, WS, and SR of the WPC/WPI films are summarized in Table 1. The MC of neat WPC film
was 27.16 ± 1.31%, whereas the MC of neat WPI film was 24.31 ± 0.51%. Both increased significantly
as melanin content increased. This observation is in line with the findings of other authors who
used melanins to modify biopolymer-based films, such as chitosan and agar [14,19]. In contrast,
Yang et al. [21] noticed that the MC of alginate/poly(vinyl alcohol) films decreased with increased
melanin content, similarly as observed by Roy et al. for the case of cellulose/melanin films [22].
According to Roy et al., a significant increase in the MC of polymer/melanin films may be the result of
reduced polymer network interactions and, as a consequence, greater accessibility of free hydroxyl
groups to absorb more water molecules [14,19].
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Table 1. Moisture content (MC), water solubility (WS) and swelling ratio (SR) of neat whey protein
concentrate/isolate films (WPC/WPI) and melanin-modified films.

Sample MC (%) WS (%) SR (%)

WPC-C 27.16 ± 1.31 b 65.90 ± 6.12 a 324.30 ± 68.92 a

WPC-0.1 27.55 ± 0.25 b 55.31 ± 4.29 b 331.47 ± 18.62 a

WPC-0.5 31.60 ± 0.56 a 45.02 ± 2.98 c 469.47 ± 21.69 b

WPI-C 24.31 ± 0.51 a 70.57 ± 5.24 a 75.85 ± 8.58 a

WPI-0.1 26.78 ± 0.38 b 64.25 ± 3.54 a,b 111.94 ± 11.69 b

WPI-0.5 27.92 ± 0.06 b 57.08 ± 6.37 b 147.58 ± 18.04 c

Values are means ± standard deviation. Means with different lowercase are significantly different at p < 0.05.

In terms of WS, melanin addition resulted in a significant decrease in WS for both types of films
(p < 0.05). The WS of WPC-0.5% and WPI-0.5% was reduced by approximately 20.87% and 13.50%,
respectively, as compared to the neat WPC and WPI films (p < 0.05). Previously, a WS reduction for
gelatin films modified with fungal melanin was reported [38]. Finally, for the case of SR, we observed
that the addition of melanin markedly increased the SR of films (p < 0.05). Further, for the case of WPC
films, they had a much higher SR than WPI films: the SR values of WPC-0.5% and WPI-0.5% were
147.58 ± 18.04% and 469.47 ± 21.69%, respectively and are lower than those reported previously for
agar/melanin films [19]. Interestingly, Roy et al. observed that SR of chitosan films was improved by the
reinforcement of melanin nanoparticles [14], but in contrast, SR was reported to be decreased in the case
of agar/melanin nanocomposite films [19]. In biopolymer-based films, SR primarily depends on the
cross-linking, porosity, and nature of the materials [14,47]. Thus, in the present case, the cross-linking
density of the melanin-modified films might be higher and, consequently, the porosity and SR of the
samples may have increased [14].

3.2. The Thickness, Mechanical and Thermal Properties

The thickness, mechanical, and thermal properties of the samples are presented in Table 2.
The modification with melanin did not affect the thickness of WPC or WPI films (p > 0.05),
probably because of the small amount of melanin used. However, in studies by other authors who used
melanin particles at higher concentrations, an increase of thickness was observed, due to higher dry
mass content [19]. Here, the addition of melanin significantly enhanced the mechanical strength of WPC
and WPI films (p < 0.05). The tensile strength (TS) of the WPI films was higher than the corresponding
WPC films; the highest TS was observed for sample WPI-0.5% (6.13 ± 0.41 MPa). However, the TS of
the WPC/WPI films was lower than that reported for agar/melanin [19], chitosan/melanin [14] and
poly(lactic acid)/melanin films [18]. We also observed that the elongation at break (EB) of the modified
films decreased in comparison to the control samples (p < 0.05). The increase in TS and decrease of
EB can be attributed to strong hydrogen bonding (H-bonding) interactions between melanin and the
polymer matrices, which improves the mechanical properties of the films. This observation is in good
agreement with the results of other authors [14,19,22]. It has also been reported that reinforcement
with a low percentage (0.025% and 0.05%) of fungal melanin improved the mechanical properties of
poly(lactic acid)/melanin composite films; however, at higher melanin concentration (0.2%), the TS of
the films decreased [18]. These results clearly indicate that melanins (synthetic or natural) can improve
the mechanical properties of polymer-based films, although the effect of melanin is highly dependent
on the type of polymer matrix used and melanin concentration, which play pivotal roles in the inter-
and intramolecular interactions between the polymer chains in the film [14,18,19].
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Table 2. Thickness, mechanical, and thermal characteristics of neat WPC/WPI and melanin-modified films.

Sample Thickness (mm) TS (MPa) EB (%) Tm (◦C) ∆Hm (J/g)

WPC-C 0.18 ± 0.02 a 4.11 ± 0.36 a 18.32 ± 1.28 a 98.17 −68.83
WPC-0.1 0.18 ± 0.04 a 4.61 ± 0.45 b 12.66 ± 1.28 b 99.57 −62.50
WPC-0.5 0.18 ± 0.01 a 4.87 ± 1.04 b 11.14 ± 1.08 b 106.90 −59.30
WPI-C 0.14 ± 0.02 a 4.50 ± 1.02 a 16.22 ± 0.62 a 103.71 −162.24

WPI-0.1 0.16 ± 0.01 a 5.51 ± 1.34 a 14.88 ± 2.12 a,b 106.35 −125.92
WPI-0.5 0.16 ± 0.04 a 6.13 ± 0.41 b 13.96 ± 1.08 b 108.21 −96.91

Values are means ± standard deviation. Means with different lowercase are significantly different at p < 0.05.

In the present study, DCS measurements were also carried out to investigate the thermal
characteristics of the films. Table 3 presents the melting temperatures (Tm) and melting enthalpies
(∆Hm) of the samples. Compared to the neat WPC/WPI films, the addition of melanin markedly
increased the Tm and ∆Hm of the modified films. These changes may be due to different polymer-water
interactions as a result of modification with melanin [14]. For example, Dong et al. reported that
the addition of synthetic and natural melanin to PVOH improved the thermal stability of the PVOH
films [40]. However, there are also several reports that modification with melanin did not affect the
thermal stability of agar [19], cellulose [22], and poly(lactic acid) films [18]. At the same time, in those
reports, melanins were used as fillers. Thus, it can be reasonably concluded that the different effects
of melanins on thermal stability may be due to different melanin sources, differences in the polymer
matrix, as well as different methods of preparation of the films [13].

Table 3. Color parameters (L*, a*, b*), total color difference (∆E), and yellowness index (YI) of neat
WPC/WPI and melanin-modified films.

Sample L* a* b* ∆E YI

WPC-C 86.42 ± 0.91 a −0.51 ± 0.10 a 11.74 ± 1.73 a used as standard 19.41 ± 3.08 a

WPC-0.1 85.84 ± 1.18 a −0.44 ± 0.17 a 13.96 ± 2.24 a 2.29 ± 0.85 a 23.23 ± 4.10 a

WPC-0.5 80.83 ± 1.27 b 0.90 ± 0.56 b 25.73 ± 3.26 b 15.13 ± 0.13 b 45.48 ± 7.18 b

WPI-C 90.57 ± 0.11 a −0.85 ± 0.07 a 4.64 ± 0.47 a used as standard 7.32 ± 0.74 a

WPI-0.1 89.38 ± 0.61 b −0.72 ± 0.08 a,b 7.77 ± 1.22 b 3.35 ± 1.53 a 12.42 ± 1.87 b

WPI-0.5 86.41 ± 0.64 c −0.66 ± 0.10 b 16.14 ± 1.78 c 12.23 ± 1.08 b 26.68 ± 3.14 c

Values are means ± standard deviation. Means with different lowercase are significantly different at p < 0.05.

3.3. Color

The apparent color, the total color difference (∆E), and the yellowness index of the WPC/WPI films
are presented in Table 3 and Figure 1. The neat WPI film was transparent and colorless, whereas neat
WPC film showed a light yellowish color. Generally, WPC films were darker (lower L values) when
compared with WPI films. The films with 0.1% and 0.5% melanin showed a yellowish-brown color and
became darker as the concentration of melanin increased (p < 0.05). The redness and yellowness of the
modified films also increased, due to the red-brown color of melanin. The yellowness index of WPC/WPI
films increased significantly with increased melanin concentration (p < 0.05). As a result, the ∆E of
the films was remarkably increased (p < 0.05) and ranged from 2.29 (WPC-0.1%) to 15.13 (WPC-0.5%).
∆E > 1 is considered perceptible to the human eye, so both concentrations of melanin in WPC/WPI
films caused noticeable color changes [18]. Overall, the observed results are in good agreement with
previous reports, where chitosan [14], agar [19], polypropylene/poly(butylene-co-terephthalate) [37],
gelatin [38] and poly(lactic acid) [18] films were modified with various melanins.
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acid)/melanin films [18] as well as for agar/melanin nanocomposite films [19]. In fact, in nature, 
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3.4. UV-Barrier Properties

UV-Vis light transmittance spectra of the neat and modified WPC/WPI films are shown in
Figure 2. As can be seen, the neat WPC and WPI films were highly transparent to visible light at
wavelengths greater than 380 nm and exhibited high transmittance for both UVA and UVB light.
The transparency of WPI and WPC films decreased markedly by the addition of melanin and the
decrease was concentration-dependent. These results clearly indicate that melanin, even at low
concentration (0.1%) improves UV-light barrier properties of WPC, as well as WPI films. The decrease
in the light transmittance of WPC and WPI films was mainly due to the absorption of UV light by
melanin, similarly as in gelatin/melanin films [38]. However, when melanins were used as nanofillers,
the UV barrier properties of materials were due to blocking of the light path, as was reported for
poly(lactic acid)/melanin films [18] as well as for agar/melanin nanocomposite films [19]. In fact,
in nature, melanins play a pivotal role in UV-protection, due to their strong UV-blocking properties
resulting from the presence of phenolic and indole groups [22,37]. The high UV-barrier properties of
melanin from watermelon seeds have also already been reported [10].
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3.5. Antioxidant Activity

The antioxidant activity of the films was determined by measuring the reducing power and radical
(DPPH, ABTS, O2

−, OH) scavenging activity, as presented in Table 4. It was noticed that the antioxidant
activity of the films was melanin concentration-dependent and increased significantly with increased
melanin concentration (p < 0.05). The highest reducing power (1.186 ± 0.06) was measured for sample
WPI-0.5%. The ABTS scavenging efficiencies of the neat WPI and WPI films were 72.02 ± 5.78% and
60.93± 4.50%, respectively, and an increase to 85.18± 1.74% and 96.87± 0.48%, respectively, was noticed
when melanin concentration was 0.5%. A similar trend, but lower values, were observed in the case
of DPPH and O2

− scavenging activity. On the other hand, the highest hydroxyl radical scavenging
activity was observed for sample WPC-0.5% (39.08 ± 0.14%). In fact, the antioxidant activity of edible
films is known to increase with the number of antioxidants [16,20,22,48]. Further, the antioxidant
activity of the neat WPC/WPI films was expected, as they are reported to contain bioactive proteins,
peptides, and amino acids with antioxidant capacity [28,31,49]. The antioxidant activity observed in the
present report is also in good agreement with previous findings regarding agar [19], carrageenan [13],
cellulose [22] and poly(lactic acid) [18] composite films modified with various melanins as fillers.
Further, the antioxidant activity of melanin/gelatin films has been shown to increase when melanin is
dissolved in a film-forming alkaline solution [38]. Likewise, it has already been observed that melanin
from watermelon seeds has antioxidant activity [10]. In fact, it is well known that melanins act as
effective antioxidants, because of intramolecular non-covalent electrons that can easily interact with
free radicals and other reactive species [19]. Thus, the WPC/WPI melanin-modified films obtained
here can be potentially used in active antioxidant packaging, to prevent oxidation of lipid-containing
food or to preserve oxidation-sensitive food, as well to increase the shelf life of food [18,22,39]. Indeed,
gelatin-based coatings modified with fungal melanin have been shown to have preservative activity
against pork lard rancidity [39]. However, it is possible that the materials obtained here could also
be used in biomedical applications, such as wound healing, due to their strong radical scavenging
activity [31,50,51]. Wound healing is a complex process requiring an optimal balance between oxidative
stress and antioxidant status. Typically, proper wound healing requires low levels of reactive oxygen
species and low oxidative stress, while excessive oxidative stress can to impaired wound healing. As a
result, antioxidants that can help control wound oxidative stress can improve wound healing [50,51].

Table 4. Reducing power (RP) and radical (DPPH, ABTS, O2
−, ·OH) scavenging activity of neat

WPC/WPI and melanin-modified films.

Sample RP (700 nm) DPPH (%) ABTS (%) O2− (%) ·OH (%)

WPC-C 0.661 ± 0.245 a 37.70 ± 1.67 a 72.03 ± 5.78 a 26.80 ± 1.61 a 31.68 ± 3.21 a

WPC-0.1 0.863 ± 0.122 a 49.87 ± 0.13 b 76.86 ± 6.13 a,b 29.07 ± 1.17 a,b 33.45 ± 0.30 a

WPC-0.5 0.924 ± 0.069 b 63.68 ± 2.69 c 85.18 ± 1.74 b 38.11 ± 0.31 b 39.08 ± 0.14 b

WPI-C 0.740 ± 0.192 a 58.76 ± 0.10 a 60.94 ± 4.50 a 27.96 ± 3.45 a 32.33 ± 0.69 a

WPI-0.1 1.110 ± 0.111 b 65.45 ± 0.20 b 95.83 ± 1.52 b 33.48 ± 5.78 b 33.91 ± 0.27 b

WPI-0.5 1.186 ± 0.060 b 72.70 ± 0.43 c 96.87 ± 0.48 b 38.19 ± 1.85 c 37.47 ± 0.05 c

Values are means ± standard deviation. Means with different lowercase are significantly different at p < 0.05.

3.6. FT-IR

FT-IR is a commonly used technique to assess the miscibility and compatibility of biopolymers and
additives, owing to its rapid and nondestructive nature [3,18,22]. Absorbance spectra of WPC-based
and WPI-based films are presented in Figure 3. As can be seen the films have characteristic peaks at
3280 cm−1 attributed to C–H, N–H and/or O–H of WPC/WPI and melanin [10,27]. Characteristic CH3

and CH2 stretching peaks at approximately 2940 cm−1 and 2880 cm−1 were also observed. The peak
centered at 1630 cm−1 can be attributed to Amide-I associated with C=O stretch and C–N vibrations;
however, in the case of melanin-modified films, it also corresponds to the vibration of aromatic C=C of
melanin [10]. Peaks in the region 1400–1550 cm−1 and 1200–1350 cm−1 can be assigned to Amide-II
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(groups N-H) and to Amide III (with N–H bonds and C–N stretching), respectively [27]. The region
from 750 to 1200 cm−1 was assigned to the absorption of glycerol (plasticizer), vibrations C–O and
C–C bonds [27]. In the case of WPC and WPI films modified with melanin, slight variations in peak
intensities and positions were observed, particularly at 3280 cm−1, 2940 cm−1, 2880 cm−1 and 1630 cm−1.
Overall, no substantial variations were noted in the functional groups of WPC/WPI modified films.
The observed findings suggest that there were no structural changes in WPC and WPI films due to
the addition of melanin. The small changes in intensities and minor shifts in the peaks are likely due
to physical interactions (H-bonding, van der Waals force) between WPC/WPI and melanin, which is
consistent with the findings of other authors [14,19,21].
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3.7. Water Contact Angle and WVTR

The results of water contact angle (WCA) measurements are presented in Table 5. The WCA
of neat WPC and WPI films was 27.67 ± 0.47◦ and 45 ± 0.00◦, respectively. Generally, biopolymer
films with a WCA of less than 65◦ are considered hydrophilic [14]. Concerning the effect of melanin
addition, it was interestingly observed that the WCA of the films decreased significantly with increasing
melanin content to 14.33 ± 0.47◦ and 31 ± 0.00◦ for samples WPC-0.5% and WPI-0.5%, respectively.
This observation is in contrast to the other reports that melanins generally increase the WCA of
polymeric films due to their hydrophobic nature [14,18]. However, the difference might be attributed to
the use of melanin particles in those studies, whereas in the present study melanin was used to modify
the alkaline film-forming solution, which could result in other interactions in the polymer matrix.

Table 5. Water Contact Angle (WCA) and Water Vapor Transmission Ratio (WVTR) of neat WPC/WPI
and melanin-modified films.

Sample WCA (◦) WVTR (g/(m2 × Day))

WPC-C 27.67 ± 0.47 a 1712.64 ± 7.46 a

WPC-0.1 18.00 ± 0.00 b 1599.23 ± 5.01 b

WPC-0.5 14.33 ± 0.47 c 1483.53 ± 5.49 c

WPI-C 45.00 ± 0.00 a 1618.57 ± 6.23 a

WPI-0.1 33.00 ± 0.00 b 1566.70 ± 7.14 b

WPI-0.5 31.00 ± 0.00 c 1490.49 ± 5.37 b

Values are means ± standard deviation. Means with different lowercase are significantly different at p < 0.05.

The water vapor permeability of the samples is also displayed in Table 5. It was observed that
in the case of WPC, as well as WPI, the WVTR decreased as a result of modification with melanin
(p < 0.05). The observed results are in good agreement with previous reports, where various melanins
were used for the modification of alginate/poly(vinyl alcohol) [21], cellulose [22] and gelatin [38] films.
However, there are also reports that the effect of melanin on WVTR depends on the concentration used.
For instance, in the case of melanin added to poly(lactic acid) composite films, it was observed that WVTR
decreased in the presence of low melanin content, but increased at high melanin content [18]. Likewise,
in the case of agar/melanin nanoparticles composite films, the incorporation of low melanin-particle
content did not result in WVTR changes, but at higher content, the WVTR increased. Whey protein-based
materials are generally permeable or semipermeable to moisture penetration [25,52]. Although the
WVTR of the melanin-modified films prepared here decreased (WVTR of WPC-0.5% and WPI-0.5%,
1483.53 ± 5.49 and 1490.49 ± 5.37 (g/(m2 × Day)) respectively), as compared to unmodified samples
(WPC-C and WPI-C -1712.64 ± 7.46 and 1618.57 ± 6.23 (g/(m2 ×Day)), respectively), they still exhibited
weak water vapor barrier properties, lower than those reported in other studies [14,18,19,37].

3.8. Cytotoxicity

The cytotoxicity studies confirmed the non-toxic nature of the samples. As can be seen in Figure 4,
after 24 h of exposure to extracts, robust cell growth was observed for all tested materials, similar to
sham. Further, no marked differences in morphology were observed that could indicate a negative
effect. The results of the resazurin cell viability assay, presented in Figure 5, were in good agreement
with the microscopic observations. In all cases, cell viability was similar, near 90%—higher than the
70% threshold for cytotoxicity specified by the ISO 10993 norm.
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viability, the threshold for cytotoxicity. 

In terms of the direct contact assay, again robust cell growth was observed beneath the discs of 
each material, visually similar to wells without discs (Figure 6). Likewise, no marked differences in 
morphology were observed that could indicate a negative effect. Thus, the reactivity is graded as 0, 

Figure 4. Representative micrographs of L929 fibroblasts. Panel (A): cells 24 h after seeding, but prior
to the addition of extracts. Panel (B): Cells incubated for 24 h with the sham extract. Panels (C,E,G)
present cells incubated with WPC extracts (WPC; WPC-0.1% and WPC-0.5%) for 24 h. Panels (D,F,H)
present cells incubated with WPI extracts (WPI; WPI-0.1% and WPI-0.5%) for 24 h. The scale bar
represents 200 µm.
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Figure 5. Viability of L929 fibroblasts after 24 h incubation with extracts. Data is normalized to sham
extract. Dots represent technical replicates, grey bars represent median, and the red line indicates 70%
viability, the threshold for cytotoxicity.

In terms of the direct contact assay, again robust cell growth was observed beneath the discs of
each material, visually similar to wells without discs (Figure 6). Likewise, no marked differences in
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morphology were observed that could indicate a negative effect. Thus, the reactivity is graded as 0,
according to ISO 10993. The resazurin viability assay indicated a modest reduction in viability for 4 of
the 6 tested materials (Figure 7), which is likely due to mechanical damage to the monolayer caused
by the physical presence of the disc on top of the cells. Meanwhile, the values above 100% may be
due to an interaction between melanin and the resazurin reagent, as the assay was performed with
the discs remaining in place to avoid the risk of further mechanical damage. To compare the viability
data to the 70% viability threshold set by the ISO10993 standard, we fitted a linear model (estimated
using ordinary least squares, using R (RStudio)) to predict (Normalized Viability (%)-Threshold (70%))
with Material. The model explains a significant and substantial proportion of variance (R2 = 0.96,
F(6, 24) = 94.64, p < 0.01, adj. R2 = 0.95). For each material, the effect was positive, indicating viability
values were above the threshold, and significant (p < 0.001). Both cell culture experiments were
repeated and similar results were observed. Overall, the non-toxic nature of the films was expected,
as no cytotoxic effects of whey proteins [29] nor melanins [14,53] have been reported.
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Figure 6. Representative micrographs of L929 fibroblasts. Panel (A): Cells 24 h after seeding, but prior
to the addition of discs. Panel (B): cells incubated for 24 h without disc. Panels (C,E,G) present cells
beneath WPC discs (WPC; WPC-0.1% and WPC-0.5%) after 24 h of culture. Panels (D,F,H) present cells
beneath WPI discs (WPI; WPI-0.1% and WPI-0.5%) after 24 h of culture. The scale bar represents 200 µm.
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Abstract: Bioactive films find more and more applications in various industries, including packag-
ing and biomedicine. This work describes the preparation, characterization and physicochemical,
antioxidant and antimicrobial properties of alginate films modified with melanin from watermelon
(Citrullus lanatus) seeds at concentrations of 0.10%, 0.25% and 0.50% w/w and with silver and zinc
oxide nanoparticles (10 mM film casting solutions for both metal nanoparticles). Melanin served
as the active ingredient of the film and as a nanoparticle stabilizer. The additives affected the color,
antioxidant (~90% ABTS and DPPH radicals scavenging for all melanin modified films) and antimi-
crobial activity (up to 4 mm grow inhibition zones of E. coli and S. aureus for both zinc oxide and silver
nanoparticles), mechanical (silver nanoparticles addition effected two-fold higher tensile strength),
thermal and barrier properties for water and UV-vis radiation. The addition of ZnONP resulted
in improved UV barrier properties while maintaining good visible light transmittance, whereas
AgNP resulted in almost complete UV barrier and reduced visible light transmittance of the obtained
films. What is more, the obtained films did not have an adverse effect on cell viability in cytotoxicity
screening. These films may have potential applications in food packaging or biomedical applications.

Keywords: melanin; watermelon; alginate; bioactive films; nanoparticles

1. Introduction

During the transport and storage of food products, it is important to ensure that the
product is protected from any negative physical, chemical, or microbiological factors. In this
way, packaging should delay food spoilage and slow down the loss of beneficial properties
of the processed product, including both visual and nutritional qualities [1]. For example,
wax coatings applied to the surface of fruits to extend their shelf life were the first materials
used as a coating on food products [2]. In low-income countries, the main share of the
total waste is those of organic origin, while in high-income countries, inorganic waste is
the most common [3]. Potentially, some of these organic wastes (including agro-industrial
by-products) can be used as a source of bioactive compounds such as phenolic compounds,
dietary fiber, polysaccharides, vitamins, carotenoids, pigments and oils [4].

Plastics, due to their ease of processing and relatively low cost of raw materials,
have become one of the most widely used materials in virtually all industries. Their
annual production exceeds 300 million tons worldwide [5]. However, plastics present a
problem with regard to waste management: much of plastic waste consists of packaging
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waste, of which up to 60% is food packaging. Furthermore, the majority of plastic waste
(approximately 80%) ends up in landfills or pollutes land or water reservoirs, thus affecting
entire ecosystems, from plants through to animals and humans [6–8]. Additionally, plastic
production and disposal generate large amounts of greenhouse gases, which also has a
significant negative impact on the environment. Therefore, finding less harmful alternatives
to conventional plastics, such as renewable or biodegradable materials, is important to
reduce the harmful impact of packaging on ecosystems [9].

One promising strategy involves biopolymers, polymers of natural origin: usually
proteins or polysaccharides obtained from plants, bacteria, fungi, animals or seaweed. As
biopolymers have extremely diverse properties, they can find applications in many different
industries, including use in packaging, for example, of medical equipment, agricultural
products, and other commodities [10,11].

Polysaccharides are a class of biopolymers that are particular abundant, including
cellulose, chitin, xanthan gum, starch, carrageenan, and alginate [12]. Alginates are natu-
rally occurring polymers consisting of linear copolymers of D-mannuronic and L-guluronic
acids, linked by β-1,4-glycosidic bonds. Depending on the source, the two monomers
can differ in proportion and be arranged in different, irregular patterns—these structural
aspects affect the properties of alginate-based materials [13]. Example sources include
seaweeds, mainly algae (Laminaria hyperborea, L. digitata, L. japonica, Ascophyllum nodosum,
or Macrocystis pyrifera), whose alginic acid is a component of cell walls, or bacterial biosyn-
thesis using Azotobacter and Pseudomonas bacteria [14]. Alginates have found applications
in the textile, food, pharmaceutical, and chemical industries [15]. Importantly, the alginate
backbone includes many free hydroxyl and carboxyl groups, making them highly amenable
to modification and functionalization, using techniques such as oxidation, esterification
and amidation. In this way it is possible to significantly influence the material properties,
both physicochemical (such as solubility and affinity for water), as well as biological [16].

Melanins are a group of high molecular weight pigments, formed by the oxidative
polymerization of indole and phenolic compounds [17]. In addition to imparting color to
living organisms, melanins are also responsible for free radicals scavenging, immunostim-
ulation, thermoregulation, protection from ultraviolet radiation, and have antiviral and
antimicrobial properties [18–20]. Due to their antioxidant activity, melanins can be used to
reduce metal compounds and thus synthesize metal nanoparticles. In contrast to traditional
techniques for obtaining nanomaterials, the use of melanins can enable processes that are
relatively fast and inexpensive, making them environmentally friendly [21,22]. Due to the
aforementioned properties of melanins, they can carry out many active functions, which
have resulted in numerous works describing the use of these pigments in combination with
various polymers, including, although not limited to, bioactive food packaging [23].

Zinc oxide nanoparticles (ZnONP) are among the most commonly produced nano-
materials, next to titanium oxide and silicon dioxide NPs. As with other nanomaterials,
the size and shape (and thus properties) of ZnONP depends on the preparation method.
ZnONP, similar to titanium dioxide NP have a high ability to absorb ultraviolet radiation
with a high band gap, making them transparent to visible light [24]. As a result, nano
ZnO is commonly used in cosmetics, such as sunscreens, for protecting the skin against
ultraviolet radiation. Additionally, ZnONP possess antimicrobial activity, making them
suitable for the purification of water from microbial contaminants [25] or as antibacterial
additives to paints and coatings [26,27]. Importantly, ZnONP are regarded as being safe
(GRAS) by the United States Food and Drug Administration (USFDA, 21CFR182.8991).
Combined, these properties make them very attractive for applications in active packaging
systems [28].

Silver nanoparticles (AgNP) also possess potent antimicrobial properties, making
them highly valued in the pharmaceutical and medical industries. As shown in numerous
studies, AgNP are able to induce pore formation in bacterial cell membranes, most likely
through the interaction of silver with sulfur present in membrane proteins. Further, when
silver penetrates into the cell, it can interact with genetic material, causing its condensation
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inhibiting replication and gene expression [29–32]. Due to these properties, AgNP are
used in various biomedical applications, such as in burn wound dressings and as catheter
coatings. However, AgNP are also used in electronics, photonics, cosmetics, cleaning
agents, and as disinfectants [26,33].

The antimicrobial and UV barrier properties of ZnONP and AgNP described above,
along with potential other effects on the polymer matrix, provide prospective applications
for these nanoparticles in active packaging materials. Nevertheless, the amount of nanopar-
ticles loaded into the polymer matrix is crucial for the properties of the polymer, which
as a consequence may deteriorate the quality of the packaging. As it has been shown for
chitosan nanoparticles, the use of other than optimal amounts (smaller or larger) can affect
the thermal, mechanical, barrier or optical properties [34].

In this work, our aim is to investigate the effect of the addition of melanin obtained
from watermelon seeds, a food industry waste, on the properties of alginate films. The
melanin was used as an additive directly or was used for synthesis of ZnONP and AgNP.
To the best of our knowledge, there have been no reports on the modification of alginate
films with either natural melanin or in combination with nanoparticles to improve the
functionality of these materials. The chemical composition of the films after incorporation
of melanin and nanoparticles was examined by FT-IR spectroscopy. In addition, the effect
of melanin on the color, hydrodynamic and optical properties of the films was evaluated.
Moreover, their potential bio(functionality) was assessed by evaluating their mechanical
and barrier properties, as well as antioxidant and potential cytotoxicity in vitro.

2. Materials and Methods
2.1. Materials and Reagents

Calcium chloride, hydrogen peroxide, disodium phosphate, monosodium phosphate, 1,1-
diphenyl-2-(2,4,6-trinitrophenyl) hydrazyl (DPPH), 2,2’-azino-bis(3-ethylbenzothiazoline-6-acid)
sulfonic acid (ABTS), potassium persulfate, potassium hexacyanoferrate (III), trichloroacetic acid,
iron (III) chloride, iron (II) sulfate, tris (hydroxymethyl)aminomethane, pyrogallol, sodium
alginate (Mw = 1,450,000), and o-phenanthroline were purchased from Sigma-Aldrich
(Darmstad, Germany). Glycerol, ammonia water, hydrochloric acid, sodium hydroxide,
chloroform, ethyl acetate, ethanol and methanol were from Chempur (Piekary Śląskie,
Poland). Zinc (II) nitrate, peptone water and MacConkey medium were from Scharlau
Chemie (Barcelona, Spain). Silver (III) nitrate was from POCh (Gliwice, Poland). Chapman’s
medium was from Merck (Dramstadt, Germany). All reagents were of analytical grade.

The microorganisms used to evaluate the antimicrobial properties of the films were
obtained from the American Type Culture Collection (ATCC). The strains used were
Escherichia coli ATCC8739 and Staphylococcus aureus ATCC12600.

For in vitro cytotoxicity studies, murine fibroblast cell line (L929), as well as all cell
culture reagents: Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS),
L-glutamine, penicillin, streptomycin, and all other cell culture reagents were purchased
from Sigma-Aldrich (Poznań, Poland). All sterile, single-use cell culture plasticware was
purchased from VWR (Gdańsk, Poland).

2.2. Preparation of Alginate Films

Fresh Crimson Sweet watermelons (Citrullus lanatus) were purchased from a local
market (Szczecin, Poland). Melanin isolation and purification was performed as previously
described [35]. Briefly, watermelon seeds (5 g) washed in distilled water and dried were
immersed in 50 mL of 1 M NaOH for 24 h with shaking (150 rpm, 50 ◦C). The resulting
mixture was then centrifuged (6000× g rpm, 10 min) and the separated supernatant was
brought to pH 2.0 by adding 1 M HCl and followed by centrifugation (6000× g rpm, 10 min).
The resulting precipitate was hydrolyzed with 6 M HCl (90 ◦C, 2 h), centrifuged again
(6000× g rpm, 10 min) and washed five times with distilled water. Finally, the obtained
precipitate was washed with chloroform, ethyl acetate and ethanol, dried and ground in
a mortar. To prepare melanin containing films, distilled water (400 mL) was poured into
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500 mL bottles and melanin was added in appropriate amounts (0.008 g, 0.02 g and 0.04 g)
in order to obtain melanin concentrations of 0.10%, 0.25% and 0.50% (w/w), respectively.
Ammonia water (2 mL) was added to all samples to create an alkaline environment that
facilitated melanin dissolution. The bottles were placed on a shaker overnight to completely
dissolve the melanin. The resulting solutions were pressure filtered to separate insoluble
residues. The solution bottles were then placed on magnetic stirrers and 8 g of alginate was
slowly added to each bottle. They were then placed back on the shaker overnight at 60 ◦C
to completely dissolve the alginate. Glycerol, a plasticizing agent, was added (30% (w/w)
relative to the amount of alginate used) to the solutions and stirred on a magnetic stirrer for
10 min. A control sample without melanin was prepared in the same fashion. To prepare
films, alginate solutions were poured into square polystyrene plates (120 mm × 120 mm)
at 40 g of solution per plate and dried at 40 ◦C for 48 h. All assays were performed in
eight replicates.

Samples of AgNP or ZnONP were prepared using the same general procedure, how-
ever, with the addition of silver nitrate or zinc nitrate in an aqueous solution of melanin. For
this purpose, aqueous solutions of silver nitrate or zinc nitrate were slowly added dropwise
to the melanin solutions using a pipette until 10 mM was obtained in the film-forming
solution. The resulting solutions were then incubated at 90 ◦C for 1 h. The solutions
were cooled to room temperature before adding alginate (8 g). To prepare the films, the
alginate solutions were poured onto square polystyrene plates (120 mm × 120 mm) at
40 g of solution per plate and dried at 40 ◦C for 48 h. All experiments were performed in
eight replicates.

2.3. Characterization on Nanoparticles

NP purification was performed prior to performing the analyses. For this purpose,
the mixtures were centrifuged (ZnONP mixtures at 5000 rpm and AgNP at 14,000 rpm) for
5 min and then the resulting precipitate was washed with distilled water. The procedure
was repeated three times.

Samples of mixtures of melanin with AgNP or ZnONP were filtered using syringe
filters (pore size 0.45 µm) and 1 mL of the obtained filtrates analyzed using UV-Vis light
absorption spectroscopy (Thermo Scientific (Waltham, MA, USA) Evolution 220 UV-Vis
spectrophotometer). The spectra were collected over the wavelength range of 300–800 nm,
with a resolution of 1 nm. Melanin-nanoparticles mixture were also dried overnight at
40 ◦C and the resulting powder was collected for chemical composition analysis using a
Perkin Elmer Spectrum 100 FT-IR spectrophotometer (Waltham, MA, USA). The obtained
powders were measured directly using attenuated total reflection (ATR). The spectra were
recorded over a wavelength range of 650–4000 cm−1, with a resolution of 1 cm−1.

Dynamic light scattering (DLS) measurements were performed using Malvern Nano-
sizer ZS instrument (Worcestershire, UK) with a He-Ne laser source (633 nm). For each
sample, three measurements were performed at each of two sample dilutions. For ZnONP,
after purification, each pellet was re-dispersed in 2 mL of saline, yielding homogenous
latté-colored suspensions. These suspensions were then further diluted 1:80 and 1:200
for measurements. For AgNP, after purification, pellets were dispersed in 1 mL of water,
yielding pale dispersions, ranging from pink (0.5% MEL) to purple (0.1% MEL). These
dispersions were measured neat, as well as after further 1:1 dilution with water.

Each DLS measurement was performed at 25 ◦C after 2 min of temperature equilibra-
tion and consisted of 10–15 runs, at 173◦ scattering angle, and using automatic attenuation to
ensure count rates <500 kcps. Data presented consist of hydrodynamic diameter (intensity-
weighted average, “z-average” diameter) and polydispersity index (PDI) obtained from
cumulant analysis using Malvern Zetasizer software v3.30.
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2.4. Biocomposite Film Characterisation
2.4.1. Determination of Moisture Content and Water Solubility

Moisture content (MC) was determined as the change in film (2 cm × 2 cm) weight
after drying at 105 ◦C for 24 h. Water solubility (WS) was tested by adding pre-weighed film
fragments (2 cm × 2 cm) to 30 mL of distilled water in conical tubes and stirring overnight.
The samples were then centrifuged and the water was removed from the precipitate using
a pipette. The samples were dried overnight at 60 ◦C and finally weighed again. Each
material was tested in three replicates and mean values were calculated. The solubility of
the films in water was calculated using the following formula:

S (%) =
W1 −W2

W1
× 100 (1)

where W1 is the initial and W2 the final weight of the films.

2.4.2. Thickness, Mechanical, and Thermal properties of Alginate Films

Film thickness was measured using an electronic thickness gauge (Dial Thickness
Gauge 7301, Mitoyuto Corporation, Kangagawa, Japan) with an accuracy of 0.001 mm. Each
sample was measured 10 times at randomly selected points and the results were averaged.

The tensile strength and elongation at break of the films were assessed using a
Zwick/Roell 2.5 Z static testing machine (Ulm, Germany). The tensile clamp spacing
was 25 mm and the head travel speed was 100 mm/min.

Differential scanning calorimetry (DSC) was used to assess thermal properties (DSC 3,
Mettler-Toledo LLC, Columbus, OH, USA) using sequential heat-cool-heat cycles over a
temperature range of 30–300 ◦C at φ = 10 ◦/min, under nitrogen flow (50 mL/min).

2.4.3. Water Vapor Transmission Rate (WVTR) of Films

The water vapor permeability test (WVTR) was carried out using a gravimetric method:
moisture sorption by pre-dried calcium chloride (9 g) was examined in containers tightly
covered with test films (8.9 cm2). The containers were weighed daily over a period of three
days (starting at day zero every 24 h until day three of the start of the analysis) to monitor
the weight gain of calcium chloride and thus the water vapor permeability of the films.
Each material was tested in four replicates and mean values for each day were calculated
to express WVTR in g/(m2 × day) [36].

2.4.4. Spectral Analysis of Films

UV-Vis spectra of films were measured using a Thermo Scientific (Waltham, MA, USA)
Evolution 220 UV-vis spectrophotometer. Strips of films, with a surface area matching the
quartz cuvette (5.5 cm × 1 cm), were placed along with a cuvette in the apparatus and
spectra were recorded over a wavelength range of 300–800 nm, with a resolution of 1 nm.

The chemical composition of the obtained films was also evaluated using a Perkin
Elmer Spectrum 100 FT-IR spectrophotometer (Waltham, MA, USA). Pieces of the films
were measured directly, in ATR mode (32 scans per sample), and spectra were recorded
over a wavelength range of 650–4000 cm−1, with a resolution of 1 cm−1.

2.4.5. Film Color Analysis

The effect of melanin and silver or zinc nanoparticles on the color of the obtained films
was assessed using a colorimeter (CR-5, Konica Minolta, Tokyo, Japan). Each sample was
tested 10 times, at randomly selected points. The results (mean ± standard deviation) were
expressed as L*, a* and b* parameters. In addition, ∆E (color difference) and YI (yellowing
index) were calculated for comparison with unmodified alginate films, using the following
equations:

∆E =

[(
Lstandard − Lsample

)2
+
(

astandard − asample

)2
+
(

bstandard − bsample

)]0.5
(2)
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YI = 142.86b·L−1 (3)

2.4.6. Antioxidant Potential of Films

The antioxidant activity was measured by reducing power and free radical scav-
enging activity (ABTS+, DPPH, and superoxide (O−2 ) radicals) techniques as previously
described [37], with minor modifications. For each film, two samples were tested and each
measurement was performed in triplicate.

To assess reducing power, 100 mg film samples cut into pieces were placed in 1.25 mL
of phosphate buffer (0.2 M, pH 6.6) and then 1.25 mL of 1% potassium ferricyanide solution
was added. The samples were incubated at 50 ◦C for 20 min, after which 1.25 mL of
trichloroacetic acid was added. The samples were then centrifuged at 1107 RCF for 10 min.
From each sample, 1.25 mL of supernatant was taken, diluted with an equal volume
of distilled water, and 0.25 mL of 0.1% ferric chloride solution was added. Finally, the
absorbance of the samples was measured at 700 nm.

Free radical scavenging activity assay was performed against ABTS+, DPPH, and
superoxide (O−2 ) radicals. The ABTS+ radical was induced prior to the addition of the film
by mixing 5 mL of 7 mM ABTS with 2.45 mL of potassium persulfate and allowing it to
stand overnight at room temperature, in the dark. ABTS+ solutions were then prepared by
diluting with ethanol to an absorbance of 0.7. For each test, 100 mg of film was added to
10 mL of ABTS+ solution and incubated for six minutes in the dark. As negative control,
polypropylene film with the same size as the samples was used, whereas the prepared
ABTS+ solution without any film was used as a blank control. The mixtures were incubated
under identical conditions. The absorbance of the samples was measured at 734 nm and
the free radical scavenging activity was calculated using the following equation:

Free radical scavenging activity (%) =
Asample − Acontrol

Asample
× 100 (4)

where Asample is the absorbance of the ABTS+ solution with the addition of the tested films,
and Acontrol is the absorbance of the blank ABTS+ solution.

For DPPH radical scavenging activity tests, 100 mg of each film was placed in 10 mL
of 0.01 mM DPPH in methanol and incubated in the dark for 30 min. As negative control,
polypropylene film with the same size as the sample was used, whereas the prepared DPPH
solution without any film was used as a blank control. The mixtures were incubated under
identical conditions. Absorbance was measured at 517 nm and free radical scavenging
activity was calculated using the same equation as for ABTS.

Superoxide (O−2 ) radical scavenging activity was evaluated using the pyrogallol oxida-
tion inhibition assay. For this purpose, 100 mg of each film was incubated for 5 min in 3 mL
of 50 mmol/L Tris-HCl buffer (pH 8.2), with gentle stirring every minute. Then, 0.3 mL
of pyrogallol was added. After exactly four minutes, the reaction was stopped by adding
1 mL of 10 mM HCl and the absorbance was immediately measured at 318 nm. As negative
control polypropylene film was used. The radical scavenging activity was calculated using
the following equation:

O−2 inhibition (%) =

[
1− A1 − A′1

A0

]
× 100 (5)

where A1 is the absorbance of the reaction mixture with the addition of the sample, A’1
is the absorbance of the reaction mixture with water instead of pyrogallol and A0 is the
absorbance of the reaction mixture without addition of test samples.

2.4.7. Antimicrobial Activity

The antimicrobial properties were investigated by measuring the inhibition of mi-
crobial growth on plate count agar (PCA) in the presence of discs made of test films. For
Escherichia coli, MacConkey agar was used, while for Staphylococcus aureus, Chapman agar
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was used. After a day of culture, single colonies were picked from the media and added
to sterile peptone water prepared according to the manufacturer’s instructions until an
optical density of 0.5 McFarland was achieved. The microorganisms were then seeded onto
PCA plates and two discs (2 cm in diameter) of each film were placed on top. After 24 h of
culture, the zone of growth inhibition was measured.

2.4.8. Evaluation of Cytotoxicity

Cytotoxicity screening was performed using a direct contact assay, as described previ-
ously [37]. L929 cells were maintained in culture using DMEM containing 10% FBS, 2 mM
l-glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin. For each test film, discs
(8 mm in diameter) were cut using a steel punch, followed by sterilization with 20-min UV
exposure in a BSL-2 safety cabinet (Telstar Bio II Advance, Barcelona, Spain).

For each experiment, L929 cells (passage 7–16) were trypsinized, counted using a
hemocytometer, and seeded in the wells of 48-well plates (30,000 cells per well). After 24 h
of incubation to permit the cells to adhere and spread, the media was aspirated and discs of
each test film (5–6 samples each) were placed directly onto the cell monolayer—one well at
a time. Manipulation of the thin discs was performed using a sterile 21 G needle: discs were
“speared” vertically (from above), lifted, positioned in place in the well, and released by a
gentle twist of the needle. Afterwards, 0.25 mL of fresh media was gently pipetted on top.
As a sham control for normalization, wells with cells were aspirated, although no disc was
placed, prior to adding 0.25 mL of fresh media. After a further 24 h of culture, cell viability
was assessed by inverted light microscopy (Delta Optical IB-100, Minsk Mazowiecki,
Poland) and using the resazurin assay [38]. Note that it was not possible to remove the
discs, as they partially dissolved and in the case of samples containing nanoparticles, the
nanoparticles interfered with the resazurin assay. Fluorescence plate reader measurements
(Biotek Synergy HTX, Winooski, VT, USA, excitation 540 nm, emission 590 nm) were
converted to normalized cell viability as percentage of sham by first subtracting the mean
signal of six blank wells (no cells) from all values, followed by dividing by the mean signal
of the sham wells (n = 6).

2.5. Statistical Analyses

All analyses were made at least in triplicate. Statistical analysis was performed using
Statistica version 13 software (StatSoft Poland, Krakow, Poland). Differences between
means were determined by analysis of variance (ANOVA) followed by Fisher’s post hoc
LSD test at a significance threshold of p < 0.05.

3. Results and Discussion
3.1. Characterization of Nanoparticles

In order to investigate the quality of obtained nanoparticles, UV-Vis analysis was
carried out. UV-Vis spectra of ZnONP are shown in Figure 1A. The absorption maximum
was at 307 nm. This value is shifted towards the UV-B radiation, as compared to the results
obtained by Roy and Rhim [22], who noted a maximum at 365 nm for ZnO nanoparticles
prepared using melanin.

UV-Vis spectra of AgNP are shown in Figure 1B. The maximum absorption peak can
be observed at 420, 421, and 361 nm for 0.10% MEL + nAg, 0.25% MEL 0.25% + nAg, and
0.50% MEL + nAg, respectively. These results are similar to data obtained by Shankar and
Rhim [39], as well as Vilmala et al. [40].

In order to investigate the presence of characteristic bonds in the samples FTIR analysis
was performed. Both silver and ZnONP samples may contain melanin used in the synthesis
of these nanoparticles, which was assessed using FTIR. Figure 2 shows the FTIR spectra of
the AgNP obtained from the 0.50% MEL + nAg sample. Several distinct peaks can be seen.
The stretching vibration of –OH bonds (phenols) at 3200 cm−1 are likely from the melanin
present in the sample, along with the peaks at 1275 cm−1 and 1033 cm−1 corresponding to
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C–O stretching, and 800 cm−1, which can be attributed to aromatic groups. These results
are similar to measurements of AgNP biosynthesized using plant extracts [41].
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Figure 2. FTIR spectra of obtained silver nanoparticles samples.

Figure 3 shows the FTIR spectra of ZnONP. Considerable differences in the intensity
and position of the FTIR peaks can be noted for the individual samples. This is likely
due to the different amounts of residual melanin due to the different concentrations used
during preparation. The primary peaks occur in the spectral regions: 3500–3250 cm−1,
1600–1550 cm−1, 1400–1300 cm−1, 1100–950 cm−1, and 900–750 cm−1. These results are
in good agreement with data obtained by Roy and Rhim [22], who also used melanin for
ZnONP synthesis.

In order to investigate average particle size, dynamic light scattering was used. Dy-
namic light scattering results of the obtained particles are presented in Table 1. For all
ZnONP samples, unimodal, yet broad distributions were obtained, with a trend towards
smaller particles with higher MEL content. At 0.50% MEL, the particles were the small-
est, sub-1-micron in diameter and with the narrowest distribution (PDI = 0.266 ± 0.061).
For the case of AgNP, particle sizes were markedly smaller, all <300 nm, and the effect
of MEL concentration was different: the highest MEL concentration (0.50%) yielded the
largest particles, although again with the narrowest distribution (PDI = 0.288 ± 0.037).
Additionally, for the 0.10% MEL AgNP, a minor shoulder was observed (~10% of area) at
~60 nm diameter.

Table 1. Dynamic light scattering results: hydrodynamic diameter (z-avg) and polydispersity index
(PDI). Data are expressed as mean ± standard deviation (SD) of six measurements, 10–15 runs each.

Sample Hydrodynamic Diameter (nm) PDI

0.10% MEL + nZnO 1523 ± 201 a 0.476 ± 0.172 a

0.25% MEL + nZnO 1167 ± 74 b 0.312 ± 0.104 a

0.50% MEL + nZnO 988 ± 42 b 0.266 ± 0.061 a

0.10% MEL + nAg 230 ± 6 c 0.412 ± 0.023 a

0.25% MEL + nAg 216 ± 6 c 0.359 ± 0.037 a

0.50% MEL + nAg 265 ± 16 c 0.288 ± 0.037 a

Values are means ± standard deviation. Means with different letters (a–c) are significantly different at p < 0.05
(compared to other variants within groups).
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3.2. Hydrodynamic Properties (Moisture Content and Water Solubility) and Water Vapor
Transmission Rate (WVTR)

In order to investigate the influence on hydrodynamic properties of the addition of
melanin, ZnONP and AgNP, moisture content, water solubility and water vapor transmis-
sion rate have been examined. The moisture content and water solubility of the unmodified
and modified alginate films are shown in Table 2. The moisture content of the unmodified
alginate film was 11.61 ± 0.22%. The addition of melanin caused a significant increase
to 14.93 ± 3.14% for ALG + 0.10% MEL film (p < 0.05). These values are similar to those
reported for agar films with melanin [42]. While the effect of melanin addition on the mois-
ture content of the films was consistent with the results of other researchers [22,37,43,44],
there are also reports of the opposite effect of melanin [45,46]. These differences can be
attributed to the different properties of the biopolymers used and the resulting different in-
teractions between their functional groups with melanin, leading to an increase or decrease
in the overall availability of free hydroxyl groups able to bind water molecules [46].

Table 2. Moisture content (MC), water solubility (WS) and Water Vapor Transmission Ratio (WVTR)
of unmodified alginate films and films modified with melanin and melanin with nanoparticles.

Sample MC (%) WS (%) WVTR (g/(m2 × Day))

ALG 11.61 ± 0.22 a 79.70 ± 11.26 a 1589.70 ± 54.96 a

ALG + 0.10% MEL 14.93 ± 3.14 bA 73.54 ± 14.05 bA 1240.92 ± 145.23 bA

ALG + 0.25% MEL 12.20 ± 1.27 aB 73.65 ± 5.93 bA 1160.92 ± 284.22 bA

ALG + 0.50% MEL 11.34 ± 0.31 aB 75.68 ± 9.64 bA 1117.23 ± 285.85 bA

ALG + 0.10% MEL + nZnO 13.20 ± 0.24 aA 69.37 ± 3.86 bA 1549.44 ± 129.52 aA

ALG + 0.25% MEL + nZnO 12.78 ± 0.62 aA 72.28 ± 1.52 bA 1503.18 ± 92.62 aA

ALG + 0.50% MEL + nZnO 12.64 ± 0.40 aA 73.23 ± 2.50 bA 1463.20 ± 116.17 aA

ALG + 0.10% MEL + nAg 10.96 ± 1.42 aA 61.92 ± 1.68 bA 1393.13 ± 89.11 bA

ALG + 0.25% MEL + nAg 10.97 ± 0.03 aA 66.66 ± 3.97 bA 1341.85 ± 173.89 bA

ALG + 0.50% MEL + nAg 11.61 ± 0.29 aA 69.79 ± 2.19 bA 1229.34 ± 57.05 bA

Values are means ± standard deviation. Means with different lowercase (a–c) are significantly different at p < 0.05
(compared to control), means with different uppercase (A–B) are significantly different at p < 0.05 (compared to
other variants within groups).
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In contrast to melanin, the addition of AgNP caused a decrease in MC, to a range
from 10.96 ± 1.42 to 11.61 ± 0.29%, which is comparable to the results of Rhim et al. [47].
However, the addition of ZnONP to the films did not affect the MC of the obtained films.
Interestingly, Kotharangannagari and Krishnan [48] observed a decrease in moisture content
with increasing amount of zinc oxide added to films made of starch with lysine and various
concentrations of ZnONP. This again indicates that the specific interactions between the
biopolymer and the nanoparticle drive film affinity for moisture.

The water vapor barrier properties of the tested films are presented in Table 2. Com-
pared to control alginate films, the WVTR of all of the modified alginate films had lower
WVTR, with the effect being more pronounced with increasing concentration in the melanin
used. For MEL addition alone, the WVTR drops from 1589.70 ± 54.96 g/(m2 × Day) for
neat alginate films to 1117.23 ± 285.85 g/(m2 × Day) for the highest melanin concentration.
As reported by Bang et al. [49], the effects of melanin on water vapor barrier properties
can be attributed to the interactions of melanin with the polymer matrix, especially with
free hydrophilic chains. As a result, previous studies have found both positive effects of
melanin on WVTR [49], as well as negative effects [36,37] and a variable effect dependent
on the melanin concentration [44].

Compared to the addition of melanin, the presence ZnONP and AgNP resulted in
a smaller change in WVTR through the films. At the highest concentration of melanin,
the WVTR was 1463.20 ± 116.17 and 1229.34 ± 57.05 g/(m2 × Day), for ZnONP and
AgNP, respectively. However, both of these values remain lower than control alginate.
For the case of ZnONP, the reduced effect may be attributed to their much larger size
(~1 µm). In previous work, Roy and Rhim [22] studied carrageenan films with the addition
of ZnONP synthesized with melanin, similar to this work. They observed that the addition
of ZnONP nanoparticles increased the barrier properties of the film. Likewise, Kanmani
and Rhim [50] as well as Shankar et al. [51] obtained similar results. However, for PLA,
Chu et al. [52] observed an increase in water permeability through films after adding
ZnONP, although no significant effect of the addition of AgNP. Further, Shankar and
Rhim [39] noted a slight increase in water vapor permeability after adding AgNP to
agar films, whereas Rhim et al. [53], in a similar test system, noted a decrease in this
parameter with increasing silver nanoparticle concentration. Overall, the water vapor
barrier properties are highly dependent on the properties of the materials involved, their
interactions, and the preparation, and dispersion of the nano-additives used.

In terms of water solubility, the addition of melanin reduced solubility from 79.70 ± 11.26%
to 73.54 ± 14.05% for ALG + 0.10% MEL and 75.68± 9.64% for ALG + 0.50% MEL, although
the differences were not significant (p > 0.05). A similar effect of melanin was previously
described for whey protein isolate and concentrate films, as well as for gelatin films [33,47].
However, Roy et al. [43] noted an inverse relationship for chitosan films, attributed to
interactions of melanin with polymer chains.

Meanwhile, films with AgNP had lower solubility (61.92 ± 1.68% for ALG + 0.10%
MEL + nAg) than the controls, however, as the amount of melanin in the film increased,
the solubility significantly increased, to 69.79 ± 2.19% (p < 0.05). The same relationship
was also observed for the samples with ZnONP: a trend of increasing water solubility
from 69.37 ± 3.86% to 73.23 ± 2.50% with increasing melanin concentration. Previously,
Rhim et al. [45] reported an increase in the solubility of chitosan films after the addition of
nanosilver, although the differences were not statistically significant.

3.3. The Thickness, Mechanical and Thermal Properties

The thickness, mechanical and thermal properties of the tested films are summarized
in Table 3. In general, the addition of melanin did not have a significant effect on the
thickness of the films. This is in good agreement with prior work with films made of whey
protein concentrate/isolate [37], although not with those made of agar [42], gelatin [54],
carrageenan [22] or polybutylene adipate terephthalate (PBAT) [49] where melanin addition
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tended to increase film thickness. Meanwhile, for carboxymethyl cellulose (CMC) films,
melanin had no effect on the film thickness [36].

Table 3. Thickness, mechanical, and thermal characteristics of unmodified and modified alginate films.

Sample Thickness (mm) TS (MPa) EB (%) Tm (◦C) ∆Hm (J/g)

ALG 0.041 ± 0.020 a 7.59 ± 2.69 a 2.16 ± 0.96 a 127.5 ± 1.9 a 103.0 ± 13.2 a

ALG + 0.10% MEL 0.045 ± 0.028 aA 5.97 ± 1.12 aA 2.12 ± 1.12 aA 128.1 ± 1.9 aA 106.0 ± 13.6 aA

ALG + 0.25% MEL 0.036 ± 0.020 aA 7.26 ± 6.80 aA 3.44 ± 1.97 bB 128.0 ± 1.9 aA 73.5 ± 9.4 bB

ALG + 0.50% MEL 0.036 ± 0.014 aA 17.59 ± 3.91 bB 5.21 ± 1.40 cC 99.8 ± 1.5 bB 66.7 ± 8.5 bB

ALG + 0.10% MEL + nZnO 0.047 ± 0.007 bA 5.95 ± 2.84 aA 1.98 ± 1.04 aA 97.5 ± 1.5 bA 129.3 ± 16.6 aA

ALG + 0.25% MEL + nZnO 0.044 ± 0.010 aA 5.45 ± 1.85 aA 1.39 ± 0.67 aA 100.8 ± 1.5 cB 126.2 ± 16.2 aA

ALG + 0.50% MEL + nZnO 0.041 ± 0.008 aA 6.10 ± 3.06 aA 1.60 ± 0.32 aA 96.9 ± 1.5 bA 122.6 ± 15.7 aA

ALG + 0.10% MEL + nAg 0.033 ± 0.003 aA 14.99 ± 3.16 bA 1.69 ± 0.25 aA 105.1 ± 1.6 bA 158.4 ± 20.3 bA

ALG + 0.25% MEL + nAg 0.030 ± 0.006 aA 15.64 ± 8.27 bA 2.19 ± 0.36 aA 95.3 ± 1.4 cB 147.7 ± 18.9 bA

ALG + 0.50% MEL + nAg 0.037 ± 0.012 cA 15.78 ± 6.47 bA 2.40 ± 1.06 aA 97.5 ± 1.5 cB 151.7 ± 19.4 bA

Values are means ± standard deviation. Means with different lowercase (a–c) are significantly different at p < 0.05
(compared to control), means with different uppercase (A–C) are significantly different at p < 0.05 (compared to
other variants within groups).

Regarding mechanical properties of the films, the tensile strength (TS) increased for
films with increasing melanin content from 5.97 ± 1.12 MPa for films with 0.10% (w/w)
melanin content to 17.59 ± 3.91 MPa for films with the highest content. An upward trend
was also be observed for the films with the addition of nanoparticles, although the effect
was not as pronounced. The results are broadly similar, however lower in magnitude than
those obtained by other authors [22,36,42,44,45,49,54,55]. Elongation at break (EB) also
increased with increasing melanin content. However, previous studies suggest that the
value of the elongation at break may increase with increasing melanin concentration up
to a point, beyond which it begins to decline; the same relationship may also exist for the
tensile strength [43,49,55].

Surprisingly, the addition of ZnONP decreased the values of both tensile strength (TS)
and elongation at break (EB) to 6.10± 3.06% and 1.60± 0.32%, respectively. Previously, Roy
and Rhim [22] had found no significant changes for carrageenan films after the addition of
these nanoparticles. For non-biopolymers the literature is mixed: Mania et al. [56] reported
an increase in both of these parameters for polyethylene films due to the action of nano
ZnO, whereas Chu et al. [52] recorded a decrease in TS and an increase in EB for poly (lactic
acid) (PLA) films.

In contrast to ZnONP, AgNP caused an increase in tensile strength to approximately
15 MPa and a decrease in elongation at break to about 2% for all samples. In contrast,
Rhim et al. [53], did not observe significant changes in EB after adding these nanoparticles
to agar films, however, TS values were lower at low concentrations of nanoparticles used
and then increased with the increase in the amount of AgNP. However, Shankar and
Rhim [39] showed a decrease in TS for agar films, with a simultaneous increase in EB value.
Again, the literature is mixed for non-biopolymer PLA: Chu et al. [52] observed that TS
decreased slightly and EB slightly increased, while Fortunati et al. [57] found that both
parameters tended to decrease with AgNP addition.

Overall, the results obtained for alginate films and the results reported in the literature
for various polymer matrices indicate that the addition of both melanin and silver and
ZnONP can have different effects, i.e., positive, negative or no change in the described mechan-
ical parameters, depending on the type of polymer used, the amount of melanin/nanoparticles
used, as well as the methods and conditions of nanocomposites preparation.

Table 3 presents the melting temperatures (Tm) and melting enthalpies (∆Hm) of
the films as measured by DSC. Compared to the neat alginate films, the addition of
melanin decreased the Tm for films containing the highest concentration of melanin (from
127.5 ± 1.9 ◦C to 99.8 ± 1.5 ◦C), with ∆Hm also decreasing with increasing melanin con-
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centration (from 106.0 ± 13.6 J/g to 66.7 ± 8.5 J/g). For both ZnONP and AgNP, Tm
decreased, while ∆Hm increased, although the values of these parameters remained similar
for individual trials. This is in contrast to previous work with WPC/WPI films [37], where
modification with melanin increased their thermal stability. However, addition of melanin
to agar [42], cellulose [55] or PLA [44] films did not affect these parameters.

3.4. UV Barrier Properties

To evaluate the UV-Vis barrier properties, spectrophotometric spectra of the obtained
films were analyzed. Figure 4 presents the UV-Vis spectra of the unmodified alginate film
and the alginate films modified with increasing concentrations of melanin. The unmodified
alginate film exhibited very poor (almost no) barrier properties against visible wavelengths,
UVA, and part of the UVB range (above 300 nm). The addition of melanin caused a similar
decrease in the transparency for visible light, regardless of melanin concentration. However,
in the range of blue light, UVA, and UVB, the barrier properties increased with increasing
amounts of melanin. Even the lowest melanin concentration (0.10%) had a significant effect
on the transmittance of light at specific wavelengths. As mentioned earlier, melanins are
known to have very good light absorption in the UV range. As a result, similar effects
of melanins on light transmission have been reported for films of gelatin [54], agar [42],
carrageenan [43], PLA [44], cellulose [55], carboxymethylcellulose [36], PBAT [49], and
chitosan [45].
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Figure 4. UV-Vis spectra of unmodified and melanin-modified alginate films.

Figure 5 presents a comparison of UV-Vis spectra of melanin-modified alginate films
without and with the addition of ZnONP or AgNP. The ZnONP reduced the transmit-
tance of the films by few to several percent in the visible and UV range. Metal oxide
nanoparticles are commonly used in sunscreens due to their UV blocking properties [26,27].
Rashimi et al. [58] also observed an increased absorbance of UV-Vis radiation for polyvinyl
alcohol films with the addition of ZnONP. A very significant effect can be observed with
melanin concentrations of 0.25% and 0.50% resulting in essentially complete blocking of
radiation with a wavelength shorter than 525 nm. For the sample with 0.10% melanin
concentration, this parameter was also very low, on the order of 5 ± 0.5% transmittance.
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Very similar results were obtained by other researchers for films modified with AgNP, such
as agar and chitosan films [39,40,53].
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Figure 5. UV-Vis spectra of melanin-modified alginate film without or with the addition of zinc oxide
silver nanoparticles.

3.5. FT-IR Analysis

In order to investigate the presence of characteristic bonds in the samples FT-IR assay
was performed. Figure 6 summarizes the FT-IR spectra of unmodified alginate film and
melanin-modified alginate films without nanoparticles. The graph shows numerous bands
in the wavenumber range between 600 cm−1 and 1750 cm−1 and bands in the range of
3700–3000 cm−1 corresponding to the stretching vibrations of the –OH bonds [59], and
between 3000 and 2850 cm−1 caused by –CH stretching vibration [60]. The bands present
in the range of 1750–600 cm−1 are characteristic of alginate and they are as follows: at
1598 cm−1 it is the result of asymmetric vibrations stretching the –CO bond in the –COO–
group [59,60], at 1407 cm−1 caused by symmetrical stretching vibrations –CO in the –COO–
group [61], at 1026 cm−1 associated with asymmetric vibrations –COC [60] and at 816 cm−1

being characteristic of the presence of mannuronic acid residues [61].
The addition of melanin did not affect the formation of new bonds or the disappearance

of existing ones. The slight shifts in bands and changes in their intensity are probably due
to interactions between alginate and melanin in the form of hydrogen bonds and van der
Waals forces, which is consistent with the observations of other researchers [36,37,42,54].

The addition of ZnONP (Figure 7) weakened the band at 1598 cm−1 (asymmetric
vibrations stretching the –CO bond in the –COO– group) and increased the intensity of
the band at 1355 cm−1 (asymmetric bond vibrations –CH– [52]. For the remaining bands,
the differences in the measured intensity were small. Similar observations were noted for
films made with the use of carrageenan [22] and PLA [52], while in the case of film made of
polyvinyl alcohol, researchers reported a weakening of the peak intensity with an increase
in the amount of added ZnONP [58].
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In the case of AgNP (Figure 8), the intensity of the bands in the 1400–600 cm−1 range
was enhanced. No additional peaks are visible, which indicates that the AgNP had no
effect on the structure of the obtained alginate film. Shankar and Rhim [39], modifying
the agar film with AgNP, also did not notice any changes in the chemical structure of the
obtained product and their results show an increase in the intensity of most of the bands.
However, to make their films, they used a concentration of silver nitrate that was twenty
times lower, so the final content of nanoparticles was significantly lower. Vilmala et al. [40],
on the other hand, noted a more pronounced effect of AgNP on films made of chitosan:
AgNP addition caused not only a change in the intensity of some bands and their shift; it
also resulted in the disappearance of some of bands and the appearance of new ones.
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3.6. Color

In order to investigate the influence of melanin and ZnONP and AgNP on color,
chromatic parameter analyses were performed. Table 4 lists the chromatic parameters,
the total color difference and the yellowness index of the unmodified alginate film and
the film modified with melanin and with the addition of AgNP or zinc oxide, whereas
Figure 9 shows the apparent color. As the melanin content increased, the parameter L *
decreases slightly (the films become darker), while the parameters a * and b * increase (the
red and yellow components of the overall color tone increase, respectively (p < 0.05)). The
yellowness index also increases as the amount of melanin used increases (p < 0.05). The
total color difference, for films containing only melanin, is noticeably different for each
sample and is greater than unity, which is considered to be a difference noticeable to the
human eye [44]. Similar relationships have been described in the literature for the effect of
melanin addition on films made of gelatin [54], agar [42], carrageenan [43], chitosan [45],
PLA [44], WPI/WPC [37], carboxymethylcellulose [36], and PBAT [49].
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Table 4. Color (L*, a*, b*), total color difference (∆E), yellowness index (YI) and transmittance of
unmodified and modified alginate films.

Sample L* a* b* ∆E YI T280 (%) T660 (%)

ALG 89.06 ± 0.76 a −0.64 ± 0.04 a 6.75 ± 1.58 a Used as standard 11.07 ± 2.84 ab 96.95 97.01

ALG + 0.10% MEL 88.87 ± 1.10 aA −0.62 ± 0.04 aA 6.93 ± 1.67 aA 1.60 ± 1.04 A 11.59 ± 2.82 ab 61.22 87.65
ALG + 0.25% MEL 88.21 ± 0.54 abA −0.60 ± 0.02 aA 8.56 ± 1.03 abAB 2.03 ± 0.77 B 13.84 ± 1.94 ab 62.38 86.73
ALG + 0.50% MEL 87.56 ± 2.21 bA −0.48 ± 0.20 bA 10.19 ± 5.12 bB 4.64 ± 4.70 C 15.48 ± 4.82 a 43.67 85.24

ALG + 0.10% MEL + nZnO 87.96 ± 0.57 ab −0.63 ± 0.03 aA 9.02 ± 1.03 bA 2.37 ± 1.16 A 14.65 ± 1.77 ab 61.19 71.76
ALG + 0.25% MEL + nZnO 86.73 ± 1.04 b −0.44 ± 0.11 bB 11.03 ± 1.58 cB 4.72 ± 1.88 B 18.19 ± 2.82 ac 42.6 68.21
ALG + 0.50% MEL + nZnO 84.32 ± 0.84 c 0.07 ± 0.20 cC 15.07 ± 1.38 dC 9.46 ± 1.61 C 25.56 ± 2.61 c 39.39 70.14

ALG + 0.10% MEL + nAg 24.94 ± 4.92 bA 24.35 ± 2.81 bA 26.65 ± 6.30 bA 72.21 ± 1.15 A 129.86 ± 17.10 b 24.28 34.07
ALG + 0.25% MEL + nAg 24.39 ± 2.53 bA 25.57 ± 2.24 bA 23.60 ± 4.36 bcA 71.94 ± 0.65 A 137.25 ± 11.89 c 10.1 12.57
ALG + 0.50% MEL + nAg 22.61 ± 2.99 cA 24.48 ± 4.53 bA 20.94 ± 6.04 cA 72.82 ± 0.68 A 149.47 ± 18.47 d 4.19 10.29

Values are means ± standard deviation. Means with different lowercase (a–d) are significantly different at p < 0.05
(compared to control), means with different uppercase (A–C) are significantly different at p < 0.05 (compared to
other variants within groups).
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For the case of ZnONP, comparing the values of individual parameters for films with
the same melanin content, both with or without nanoparticles, analogous changes can be
observed, i.e., a decrease in the L* parameter and an increase in the other parameters. Roy
and Rhim [22] obtained similar relationships for carrageenan film modified with ZnONP.

However, when making similar comparisons for films with and without AgNP, it can
be seen that the L* parameter is over three-fold lower than for other types of films, which
results from its much darker color. The parameters a* and b* have increased significantly,
which indicates an increase in the red and yellow coordinates in the overall color tone of
the film. This is due to the dark brown color imparted by the addition of nanosilver. The
total color difference for these films has similar values, while the yellowness index is ten
times higher than the results obtained for films with melanin alone. A similar effect of the
addition of AgNP was described for agar film [39].

UV-barrier property (T280) and transparency (T660) of neat and modified films rep-
resented as transmittance at 280 nm and 660 nm, respectively, are shown in Table 4. Un-
modified alginate films was transparent for both UV (96.95%) and visible (97.01%) light.
As expected, based on melanin properties and visual appearance of the films, melanin-
modified films were less transparent for both visual and UV light. UV light barrier prop-
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erties increased as the amount of melanin used increased (from T280 equal to 61.22% for
ALG + 0.10% MEL film to 43.67% for ALG + 0.50% MEL). ZnONP addition effected a
further increase in visual light barrier properties and slight increase in UV light barrier
properties. Addition of AgNP resulted in nearly no transmittance for both UV and visible
light, especially for ALG + 0.50% MEL + nAg sample (4.19% and 10.29%, respectively).
Those results are in line with findings for alginate films modified with copper sulfide
nanoparticles [62]

3.7. Antioxidant Activity

In order to investigate the antioxidant properties of the obtained films reducing power
(RP) and the free radicals scavenging ability were studied. Table 5 presents the antioxidant
properties of the films (RP), and the free radicals scavenging ability (DPPH, ABTS, O−2 ).
As expected, the addition of melanin improved the properties of free radicals scavenging
activity by the tested films from 8.60 ± 0.00% for DPPH and 7.27 ± 2.39% for ABTS
to 90.62 ± 0.00% and 90.87 ± 0.02%, respectively, for the lowest melanin concentration
used. Due to its insolubility in water and high antioxidant activity, all melanin-modified
films exhibited ~90% DPPH and ABTS radicals scavenging regardless of the melanin
concentration. For the reducing power, an upward trend was obtained with an increase in
melanin concentration, while the ability to scavenge free radicals remains similar for all
MEL concentrations. These results are consistent with previous studies that have shown
that melanin has a significant effect on the scavenging of these radicals by various modified
films [36,37,42–45,54,55].

Table 5. Reducing power (RP) and radical (DPPH, ABTS, O−2 ) scavenging activity of unmodified and
modified alginate films.

Sample RP (700 nm) DPPH (%) ABTS (%) O−2 (%)

ALG 0.023 ± 0.002 a 8.60 ± 0.00 a 7.27 ± 2.39 a 7.47 ± 1.12 a

ALG + 0.10% MEL 0.026 ± 0.007 aA 90.62 ± 0.00 bA 90.87 ± 0.02 bA 83.79 ± 3.37 bA

ALG + 0.25% MEL 0.027 ± 0.004 aA 89.38 ± 0.02 cB 90.86 ± 0.11 bA 80.50 ± 1.39 bA

ALG + 0.50% MEL 0.035 ± 0.011 bA 89.30 ± 0.09 dC 90.78 ± 0.12 bA 81.67 ± 1.21 bA

ALG + 0.10% MEL + nZnO 0.016 ± 0.002 bA 5.15 ± 0.00 bA 35.24 ± 0.42 bA 24.02 ± 1.43 bA

ALG + 0.25% MEL + nZnO 0.024 ± 0.010 aAB 5.69 ± 0.07 cB 40.39 ± 0.57 cB 47.74 ± 1.17 cB

ALG + 0.50% MEL + nZnO 0.025 ± 0.003 aB 6.20 ± 0.00 dC 47.51 ± 0.23 dC 59.25 ± 4.14 dC

ALG + 0.10% MEL + nAg 0.030 ± 0.022 bA 0.04 ± 0.00 bA 22.70 ± 0.13 bcA 68.39 ± 3.65 bA

ALG + 0.25% MEL + nAg 0.056 ± 0.018 cAB 0.19 ± 0.07 cB 21.56 ± 1.12 bB 68.30 ± 7.78 bA

ALG + 0.50% MEL + nAg 0.084 ± 0.046 dB 1.36 ± 0.07 dC 23.92 ± 0.48 cC 78.41 ± 6.33 cB

Values are means ± standard deviation. Means with different lowercase (a–d) are significantly different at p < 0.05
(compared to control), means with different uppercase (A–C) are significantly different at p < 0.05 (compared to
other variants within groups).

The addition of ZnONP caused a decrease in RP and DPPH values to 0.016 ± 0.002
and 5.15 ± 0.00%, respectively, for the 0.10% melanin concentration. These values were
lower than those for unmodified alginate films. Meanwhile, the ABTS and superoxide
scavenging results were noticeably lower than for the film with melanin alone, however
still several times higher than for the control alginate. For AgNP, on the other hand, the
reduction power markedly increased. However, radical scavenging ability was the lowest
of all modified films. To the best of our knowledge, there are few if any similar studies
on the synergic effect of melanin and metal nanoparticles on the antioxidant properties
of films based on polymer matrices. Therefore, further studies should be conducted to
determine the relationship between these additives and the antioxidant activity of different
polymer matrix films.

3.8. Antimicrobial Activity

In order to test the antimicrobial properties of the obtained films, the ability to inhibit
the growth of selected microorganisms was examined. Neither the unmodified alginate
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film nor the alginate films with the addition of melanin at various concentrations resulted
in the formation of inhibition zones in any of the two tested microorganism strains. Previ-
ously, the lack of antimicrobial effect of melanin from the common mushroom (Agaricus
bisporus) against the microorganisms used here was reported for PLA films [44]; however,
the authors did note that melanin-modified materials were effective against Enterococcus
faecalis, Pseudomonas aeruginosa and P. putida. On the other hand, melanin from A. bisporus
did result in antimicrobial properties against E. coli, S. aureus and Candida albicans for the car-
boxymethylcellulose films. This again indicates that in this case the interactions of melanin
with the polymer matrix have a significant influence on the properties of modified films.

For the films containing nanoparticles of silver or zinc oxide, the formation of zones
of growth inhibition around the discs was observed. As illustrated in the pictures
(supplementary materials), the nanoparticles migrate from the films into the medium.
This effect was observed for all of the metal nanoparticle modified films tested. The sizes
of the zones of growth inhibition for the tested microorganisms are presented in Table 6
and representative photos are shown in Supplementary Materials. The effects were simi-
lar for both types of nanoparticles against both microorganisms. The inhibitory effect of
AgNP on the growth of E. coli, Bacillus and Klebsiella pneumoniae has been demonstrated
for chitosan films [40], E. coli and S. aureus for PLA films [52,57], E. coli and L. monocyto-
genes for agar agar [39,53]. While chitosan film with the addition of cellulose dialdehyde
nanocrystals showed inhibition for various strains of Gram positive, Gram negative bacte-
ria and fungi [30]. Likewise, polymer films enriched with ZnONP have an antimicrobial
effect well described in the literature; films with the addition of this nanomaterial showed
antimicrobial activity for E. coli [22,52,56], S. aureus [56] and L. monocytogenes [22].

Table 6. Summary of the size of the zones of growth inhibition (expressed in mm) for E. coli (EC) and
S. aureus (SA) around discs made of films modified with AgNP and ZnONP.

Sample EC (mm) SA (mm)

ALG + 0.10% MEL + nZnO 2.53 ± 0.38 a 3.02 ± 0.84 a

ALG + 0.25% MEL + nZnO 3.08 ± 1.21 a 3.08 ± 0.72 a

ALG + 0.50% MEL + nZnO 3.12 ± 0.93 a 3.54 ± 0.66 a

ALG + 0.10% MEL + nAg 1.44 ± 0.47 b 2.53 ± 0.54 a

ALG + 0.25% MEL + nAg 2.59 ± 0.79 ab 3.08 ± 1.12 a

ALG + 0.50% MEL + nAg 2.74 ± 0.41 a 3.52 ± 0.60 a

Values are means ± standard deviation. Means with a different letters (a-b) are significantly different at p < 0.05
(compared to other variants within groups).

The genotoxic effects of ZnONP are based on the following mechanisms: generation of
reactive oxygen species (ROS) in cells; attachment directly to DNA or during cell division;
influence on chromosome disorders. These phenomena occur even at ZnONP concentra-
tions of several µg/mL [63]. AgNP also exhibit genotoxic effects, among others by binding
to genetic material and thus affecting its replication and gene expression, however the
smaller the nanoparticles are, the more toxic they are [64].

3.9. Cytotoxicity Screening

In order to screen for potential cytotoxicity of the prepared films, we performed direct
contact assays where discs of materials were placed directly on top of pre-seeded fibroblast
cells (L929 cell line). As the samples partially dissolved it was not possible to remove them
prior to microscopic observation or viability assay. However, for the case of alginate films
with different amounts of MEL, no interference was observed and after 24-h incubation,
no cytotoxicity was detected by resazurin viability assay (Figure 10) or microscopy (see
Supplemental Information for representative micrographs). Viability was well in excess
of the 70% threshold guideline of ISO10993-5 and no marked changes in morphology
were observed. The experiment was repeated with similar results. These results are in
good agreement with our previous work with similar films obtained from whey protein
concentrate/isolate [37]. The minor ~10% reduction in viability compared to sham may
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be due to some mechanical damage to the monolayer while discs are placed, as well as
possible diffusional limitations, which should be minor due to swelling and dissolution of
the discs.
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For the case of alginate films with ZnONP and AgNP, the presence of particles inter-
fered with the resazurin viability assay and significantly impeded microscopy, as compared
to the alginate films without particles—particularly for the case of AgNP. This is likely
due to the differences in reducing power as well as optical properties of the films noted
previously. Unfortunately, due to swelling and partial dissolution of the films during the
24 h incubation, it was not possible to remove the samples to improve assay and imaging
conditions. However, despite significantly reduced contrast and resolution, we were able
to confirm robust cell growth using inverted light microscopy, similar to that for cells
exposed to films without nanoparticles (see Supplemental Information for representative
micrographs). The experiment was repeated with similar results. As a result, we conclude
that the addition of ZnONP or AgNP did not have an adverse effect on cell viability, which
is consistent with the fact that these materials are commonly used in both the pharmaceu-
tical and cosmetics industries. However, further studies may be needed to rule out any
negative effects.

4. Conclusions

This paper studied the properties of alginate films modified with melanin obtained
from watermelon seeds as a by-product of agricultural industry and with Ag and ZnO NP.
The properties of melanin-modified films and films with NP were compared to unmodified
alginate films and to each other. Melanin modification had a clear effect on mechanical,
antioxidant (~90% ABTS and DPPH radicals scavenging for all melanin modified films),
hydrodynamic and barrier properties. The nanoparticles exhibited synergistic (silver
nanoparticles addition effected two-fold higher tensile strength or both nanoparticles
effected in increase in UV-Vis barrier properties) or antagonistic effects (decrease in some
antioxidant properties compared to melanin-modified films) on the described melanin
properties and they have developed an antimicrobial effect (up to four mm grow inhibition
zones of E. coli and S. aureus for both zinc oxide and silver NP). It can be concluded that
the obtained biofunctional melanin-modified alginate films, due to their antimicrobial and
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antioxidant activities, may find application for packaging of active food or potentially for
biomedical applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ma15072381/s1, Figure S1: Inverted light microscopy of L929 murine fibroblasts, Figure S2:
Inverted light microscopy of L929 murine fibroblasts incubated for 24 h, Table S1: Example pho-
tographs of film samples and the inhibition zones they produced against E. coli and S. aureus
microorganisms.

Author Contributions: Ł.Ł.—conceptualization, data curation, formal analysis, investigation, method-
ology, supervision, writing-original draft; S.M.—data curation, formal analysis, investigation, vi-
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56. Mania, S.; Cieślik, M.; Konzorski, M.; Świecikowski, P.; Nelson, A.; Banach, A.; Tylingo, R. The Synergistic Microbiological Effects
of Industrial Produced Packaging Polyethylene Films Incorporated with Zinc Nanoparticles. Polymers 2020, 12, 1198. [CrossRef]

57. Fortunati, E.; Armentano, I.; Zhou, Q.; Iannoni, A.; Saino, E.; Visai, L.; Berglund, L.A.; Kenny, J.M. Multifunctional Bionanocom-
posite Films of Poly(Lactic Acid), Cellulose Nanocrystals and Silver Nanoparticles. Carbohydr. Polym. 2012, 87, 1596–1605.
[CrossRef]

58. Rashmi, S.H.; Raizada, A.; Madhu, G.M.; Kittur, A.A.; Suresh, R.; Sudhina, H.K. Influence of Zinc Oxide Nanoparticles on
Structural and Electrical Properties of Polyvinyl Alcohol Films. Plast. Rubber Compos. 2015, 44, 33–39. [CrossRef]

59. Voo, W.P.; Lee, B.B.; Idris, A.; Islam, A.; Tey, B.T.; Chan, E.S. Production of Ultra-High Concentration Calcium Alginate Beads
with Prolonged Dissolution Profile. RSC Adv. 2015, 5, 36687–36695. [CrossRef]

60. Lawrie, G.; Keen, I.; Drew, B.; Chandler-Temple, A.; Rintoul, L.; Fredericks, P.; Grøndahl, L. Interactions between Alginate and
Chitosan Biopolymers Characterized Using FTIR and XPS. Biomacromolecules 2007, 8, 2533–2541. [CrossRef]

61. Fertah, M.; Belfkira, A.; Dahmane, E.m.; Taourirte, M.; Brouillette, F. Extraction and Characterization of Sodium Alginate from
Moroccan Laminaria digitata Brown Seaweed. Arab. J. Chem. 2017, 10, S3707–S3714. [CrossRef]

62. Roy, S.; Rhim, J.W. Effect of CuS Reinforcement on the Mechanical, Water Vapor Barrier, UV-Light Barrier, and Antibacterial
Properties of Alginate-Based Composite Films. Int. J. Biol. Macromol. 2020, 164, 37–44. [CrossRef] [PubMed]

63. Singh, S. Zinc Oxide Nanoparticles Impacts: Cytotoxicity, Genotoxicity, Developmental Toxicity, and Neurotoxicity. Toxicol. Mech.
Methods 2019, 29, 300–311. [CrossRef] [PubMed]

64. Rodriguez-Garraus, A.; Azqueta, A.; Vettorazzi, A.; de Cerain, A.L. Genotoxicity of Silver Nanoparticles. Nanomaterials 2020,
10, 251. [CrossRef] [PubMed]

183





Citation: Derewonko, A.;

Fabianowski, W.; Siczek, J.

Mechanical Testing of Epoxy Resin

Modified with Eco-Additives.

Materials 2023, 16, 1854. https://

doi.org/10.3390/ma16051854

Academic Editors: Krzysztof

Moraczewski and Loic Hilliou

Received: 29 November 2022

Revised: 14 February 2023

Accepted: 21 February 2023

Published: 24 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Mechanical Testing of Epoxy Resin Modified with Eco-Additives
Agnieszka Derewonko 1,*, Wojciech Fabianowski 2 and Jerzy Siczek 2

1 Faculty of Mechanical Engineering, Institute of Mechanics and Computational Engineering,
Military University of Technology, Sylwestra Kaliskiego 2, 00-908 Warsaw, Poland

2 Military Institute of Chemistry and Radiation, gen. Antoniego Chruściela 105, 00-910 Warsaw, Poland
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Abstract: The future belongs to biodegradable epoxies. In order to improve epoxy biodegradability, it
is crucial to select suitable organic additives. The additives should be selected so as to (maximally) ac-
celerate the decomposition of crosslinked epoxies under normal environmental conditions. However,
naturally, such rapid decomposition should not occur within the normal (expected) service life of a
product. Consequently, it is desirable that the newly modified epoxy should exhibit at least some of
the mechanical properties of the original material. Epoxies can be modified with different additives
(such as inorganics with different water uptake, multiwalled carbon nanotubes, and thermoplastics)
that can increase their mechanical strength but does not lead to their biodegradability. In this work,
we present several mixtures of epoxy resins together with organic additives based on cellulose
derivatives and modified soya oil. These additives are environmentally friendly and should increase
the epoxy’s biodegradability on the one hand without deteriorating its mechanical properties on the
other. This paper concentrates mainly on the question of the tensile strength of various mixtures.
Herein, we present the results of uniaxial stretching tests for both modified and unmodified resin.
Based on statistical analysis, two mixtures were selected for further studies, namely the investigation
of durability properties.

Keywords: epoxy resin; eco-additives; experimental tests

1. Introduction

Composites are widely used in the automotive and aerospace industries. Their ad-
vantages include low weight and infinite durability. Unfortunately, infinite durability is
also a disadvantage. A large amount of non-biodegradable waste is generated. Thus, a
method is needed to recycle the waste. Pyrolysis is the most commonly used method of
recycling in the case of carbon-fiber-reinforced composites with an epoxy matrix (CFRP) [1].
The recovered carbon fibers are used in thermoplastic and thermosetting coatings and
nonwoven fabrics. On the other hand, the recycling of glass fiber reinforced polymers (GRP)
is carried out via their simultaneous processing in the cement kilns with fuels from waste.
Thermoplastic composites are also crushed and melted. Currently, popular methods for
reducing environmental littering when using biodegradable or biocompostable polymers
also have some disadvantages. One of them is the pollution of the aquatic environment
by slowly degraded materials, mainly those that are hydrolyzed. For instance, in the case
of epoxy–glass composites, there is a risk of releasing bisphenol A (BPA), which is highly
toxic [2].

The degree of the composite degradation was determined using the methods utilized
in the evaluation of the composite cracking resistance [3,4]. An effective and safe method
for obtaining biodegradable or biocompostable composites also includes the issue of their
mechanical strength in the assumed period of use (operation), which is often neglected.
Therefore, the following question arises: How does an organic additive influence the
mechanical strength of the epoxy resin?
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Scientific and research literature on the use of organic additives is extensive and relates
mainly to compounds modifying interactions at the interface between the glass (carbon)
fiber and the liquid epoxy matrix [5–7]. Numerous additives—both organic and inorganic—
were tested as epoxy-modifying agents [8–10]. Note that even small amounts of added
compounds, less than 1% w/w, can change the mechanical properties of epoxy composites
in a significant way. The structural integrity of the composites and the interface of bonded
layers, such as metal and composite, is ensured by adequate adhesion. The role of such
issues in relation to the mechanical properties of structures was described by Bellini and
his team in a 2019 paper [11]. However, the issue of modifying matrix polymers for CFRP
composites in terms of strength was discussed, among others, in works [12–15].

One type of additive used in epoxy–glass composites is epoxidized natural oils that
change the properties of the epoxy matrix, mainly by increasing their mechanical strength
and impact strength. The effect of adding inedible oils of natural origins, e.g., karanja oil
from Pongam tree seeds, to epoxy resins is described in [16]. In the case of composites,
a series of works was carried out on the study, assessment and modeling of the effect of
homophasic and heterophasic additives on mechanical properties, impact resistance and
thermal resistance, e.g., [17]; however, they do not take into account their biodegradability.

Particularly interesting are the works on adding organic substances, including epoxi-
dized edible and inedible oils known and used as additives for diesel fuels, e.g., biodiesel [18].
These substances, as rapidly biodegradable, cannot be used in composites for which their
expected aging resistance is counted in years. Therefore, using organic substances that are
more durable than biodiesel additives is proposed, namely, epoxidized cellulose deriva-
tives, methyl cellulose, carboxymethyl cellulose and similar substances [19]. In work [20],
it was shown that the chemical modification of cellulose pulp by epoxidation reactions has
a positive effect on the rheological properties of the final product.

Environmental pollution and climate protection have intensified work on ecological
additives that limit the extraction of fossil raw materials and enable the recycling of
products after their use. A novel degradable and recyclable thermoset hyperbranched
epoxy resin (EFTH-n) synthesized from bio-based 2,5-furandicarboxylic acid was described
in work [21]. It has been demonstrated that EFTH-n is successfully used to improve the
toughness, strength, modulus and elongation of DGEBA (Bisphenol A diglycidyl ether).

The issue of biodegradability has been raised frequently in recent times. This is
due not only to massive and growing environmental pollution but also dwindling fossil
resources. Among the many works from 2020, those in which the chemical aspect is related
to the strength and durability of materials, such as [22–24], are included. As early as
2021, in paper [25], fully recyclable epoxy formulations using organic waste flour have
been proposed. In contrast, paper [26] proposed environmentally friendly adhesives for
aerospace applications. A comprehensive list of current works in the field of the application
of clove oil in the production of composites can be found in Matykiewicz and Skórczewska,
2022 [27].

Although a new type of hardener was patented in 2021, Recylamine, which makes
the epoxy resin biodegradable after curing, is not the only hardener used in the pyrolysis
process; the Z-1 (triethylene tetramine) hardener is still used. The study investigated the
effect of various organic additives and their content on the tensile strength of rowing
specimens made from them.

2. Materials and Methods

The main objective of the study is to determine the tensile strength of specimens made
of epoxy resin mixtures with natural additives.

A change in the crosslinking of a polymer is achieved by introducing an additive
in a certain proportion. After a set finite time, such a change should cause the failure of
the cured epoxy resin. A gradual degradation of the polymer crosslinking will allow for
the separation of the epoxy matrix from fibers, which leads to the partial degradation of
the composite and the segregation of its components. The types of analyzed mixtures are
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listed in Table 1. In Table 1, organic additives are as follows: ESO—epoxidized soybean
oil (Boryszew S.A.); MC—methyl cellulose (C.T.S.); EC—ethyl cellulose (C.T.S.); CMC—
carboxymethyl cellulose (C.T.S.). In Table 1, phr means parts by weight per 100 parts by
weight of the resin. Epidian 601 is the epoxy resin (Zakłady Chemiczne Ciech Sarzyna).

Table 1. Composition of epoxy/additive mixtures for determining mechanical properties.

No. Epoxy Resin Additive Phr Remarks

1 Epidian 601 Without additive - -
2 Epidian 601 ESO 3 Ref. [28]
3 Epidian 601 ESO 10 Ref. [28]
4 Epidian 601 MC 3 Ref. [20]
5 Epidian 601 MC 10 Ref. [20]
6 Epidian 601 CMC 3 Ref. [20]
7 Epidian 601 CMC 10 Ref. [20]
8 Epidian 601 EC 3 Ref. [20]
9 Epidian 601 EC 10 Ref. [20]

Some basic properties of Epidian 601 are collected in Table 2.

Table 2. Basic properties of Epidian 601 resin (low viscosity liquid) [29].

Property Unites Value Remarks

Colour - Yellow, slightly
opaque -

Boiling point ◦C 210 Starts decomposition
Fire point ◦C 180 -

Epoxide number Mol/100 g 0.5–0.55 -
Density g/cm3 at 25 ◦C 1.14 -

Viscosity mPas at 25 ◦C 700–1100 -

Gelling time min 40 After addition of 13 phr
Z1; RT

All mixtures were prepared using the method described below. In total, 100 g of Epoxy
resin 601 was RT mixed up with 3 g or 10 g of organic additive, and 13 g of Z-1 crosslinking
agent (triethylene tetramine from Zakłady Chemiczne Ciech Sarzyna) was added next,
vigorously mixed for 5 min, and vacuum degassed for 10 min. All specimens of Epidian 601
with the organic additive and crosslinking agent were at first, right after addition, opaque
and more viscous, but within 2–3 min after mixing, the specimens turned yellow again
and were more transparent and less viscous, similarly to the starting Epidian 601 resin.
Only after the addition of 3 phr or 10 phr of ethyl cellulose to the Epidian 601 resin did the
specimens turn into an opaque white color and were more viscous; even after prolongated
RT mixing for 10 min, they still remained unchanged. This observation suggests that EC,
being more hydrophobic than other cellulose derivatives, was incompatible with Epidian
601 resin, forming a separate phase that weakly interacted with the surrounding resin.
This was later confirmed by the poor mechanical properties of the Epidian/EC system. In
preparation of Epidian/organic additive/crosslinking agent Z-1, it should be remembered
that all mixing/degassing procedures must be completed within 30 min, because after
40 min, these systems start to gel, and no mixing or degassing is possible.

The described mixtures were used to create test specimens for uniaxial tensile tests.
Polastosil AD4 (Zakłady Chemiczne Ciech Sarzyna) was used to prepare the silicone mold.
There have to be holes in the mold that match the shape and dimensions of the specimens
that will be created. The reference specimens shown in Figure 1a were used to create them.
Both the mold and the reference specimens were made by 3D printing technology.
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Figure 1. (a) Test reference specimens made by 3D printing and (b) silicone molds made from
Polastosil.

The silicone molds with holes are shown in Figure 1b. Test specimens for the uniaxial
tensile test were formed from mixtures 1 to 9 in Table 1.

In Figure 2a, the reference structure of the epoxy resin taken with the use of a digital
microscope Keyence VHX 6000 with a magnification of 200× is shown. The effect of organic
additives on the structure of the modified epoxy resin is shown in Figure 2b–i. The scale on
each picture allows the determination of the size and distribution of additives. Inserting a
scale is more practical than using a scale in pictures.
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Figure 2. Microscopic photos of the fragments of specimens made with mixtures of (a) epoxy resin
E601 and additive, (b) ESO3, (c) ESO10, (d) MC3, (e) MC10, (f) CMC3, (g) CMC10, (h) EC3 and
(i) EC10.

3. Uniaxial Stretching Tests

Biodegradable epoxy resins should indicate physical and chemical properties, as well
as mechanical properties, that are similar to unmodified resins with practically unlimited
disintegration time. Therefore, experimental uniaxial stretching tests according to ASTM638
were conducted on test specimens made of epoxy resins with an organic additive. A series
of reference test specimens made of unmodified epoxy were also examined. The nominal
dimension of the test specimen is shown in Figure 3.
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Proper experimental testing requires additional specimen preparation. The specimens
were cleaned and specially marked. The places of grips have been marked, as well as
measurement points (black dots) spaced 30 mm apart. An exemplary set of test speci-
mens prepared for testing that are made of epoxy resin E601 with the addition of ESO10
(epoxidized soybean oil) is shown in Figure 4.
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Figure 4. Exemplary set of test specimens prepared for testing that are made of epoxy resin E601
with the addition of ESO10.

The KAPPA 50 DS electromechanical loading system with a ZwickRoell video exten-
someter (Figure 5a) and specialized software was used for the tests, enabling the simulta-
neous measurement of the elongation and change in the width of the specimen in a given
area. The machine ensured precise axial alignment to ASTM E292. ZwickRoell videoXtens
uses image processing, allowing longitudinal and transverse strains to be determined with
greater accuracy.
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Figure 5. (a) KAPPA 50 DS electromechanical loading system with a ZwickRoell video extensometer
and (b) specialized software testXpert ZwickRoell.
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The specialized testXpert ZwickRoell (Figure 5b) software recorded measurement data
such as time, distance, force, elongation and width change in the measurement area. The
specimens were stretched at a speed of 2 mm/min until they were damaged. The frequency
of data acquisition was set at 10 Hz due to the static nature of the load. Obtained in tensile
test stress–strain curves are shown in Figure 6.
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Figure 6. Sets of tensile stress–strain curve for (a) epoxy resin without fillers, (b) CMC3, (c) CMC10,
(d) ESO3, (e) ESO10, (f) MC3, (g) MC10, (h) EC3 and (i) EC10.

4. Results and Discussion

The tensile test results were developed for each specimen separately. The tensile
Young’s modulus E, the ratio of the transverse strain to longitudinal strain in the uniaxial
stress state (Poisson’s ratio ν) and destructive stresses and strains, σf and εf, respectively,
were determined for each group of specimens after rejecting the extreme results in the group.
Young’s modulus E was determined on the basis of the slope of the diagram of stresses as a
function of strains. Poisson’s ratio is a measure of deformation and has been defined as
the slope angle of the transverse strain curve versus the longitudinal strain. The values
of failure stresses and strains were determined as extreme stress and the corresponding
strain of the stress function—longitudinal strain. The average values of Young’s modulus,
Poisson’s ratio, stresses and failure strains together with the number of specimens are
summarized in Table 3. The standard deviation (SD) values for each quantity are also
included in Table 3.

The standard deviation, which is a measure of the width of the value scattering from
the mean value, was determined using Excel according to

√
∑(x − x)
(n − 1)

, (1)

where x is the sample mean, and n is the sample size.
Figure 7 shows the average values of Young’s modulus, with error bars showing the

standard deviation values as a function of the specimen type.
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Table 3. Average values of Young’s modulus, Poisson’s ratio, failure stresses and strains, and the
number of specimens.

Name E (MPa) SD E ν (-) SD ν σf (MPa) SD σf εf (MPa) SD εf
No. of

Specimens

E601 2991.5 296.72 0.42 0.2281 40.94 10.83 0.0152 0.0027 4
CMC3 2926.4 441.52 0.42 0.1457 32.49 20.17 0.0112 0.0054 3
CMC10 3091.7 378.46 0.33 0.1909 43.48 6.60 0.0141 0.0010 3
ESO3 3761.3 147.99 0.37 0.0635 58.50 8.36 0.0152 0.0038 3

ESO10 2692.6 415.15 0.37 0.0988 46.32 5.79 0.0189 0.0015 6
MC3 3297.3 499.24 0.39 0.1832 42.69 8.19 0.0135 0.0027 6

MC10 3152.1 201.14 0.2 0.0794 39.33 5.03 0.0128 0.0007 3
EC3 3845.5 284.94 0.35 0.22 28.81 3.25 0.0074 0.0009 5

EC10 2969.6 257.92 0.82 0.26 26.37 6.92 0.0091 0.0026 4
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Figure 7. Average values of Young’s modulus with standard deviation bars as a function of the
specimen type.

Figure 8 places the average values of Poisson’s ratio as well as standard deviation bars
as a function of the specimen type. Poisson’s ratio was determined as the angle of the slope
of the transverse strain curve as a function of the longitudinal strain. Calculations were
performed for each specimen tested using Excel. The value given in Table 3 is the average
obtained after rejecting extreme values.

The obtained values of failure stresses (σf) (σf) were averaged for each test and pre-
sented in the form of diagrams (Figure 9) with standard deviation bars. The same method
was used to visualize the longitudinal failure strains (εf) (εf) and their standard deviation,
which are presented in Figure 10.

An example of a damaged specimen is shown in Figure 11a. A set of damaged
specimens in the uniaxial tensile test specimens made of E601 epoxy resin with the addition
of ESO3 is shown in Figure 11b. On the other hand, Figure 11c shows a set of damaged
specimens made of E601 with the addition of MC10.
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Figure 9. Average values of failure stress with standard deviation bars as a function of the specimen
type.
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Figure 10. Average values of failure strain with standard deviation bars as a function of the specimen
type.
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Figure 11. (a) An example of a damaged specimen. Set of damaged specimens in the uniaxial tensile
test specimens made of (b) E601 + ESO3 and (c) E601 + MC10.

To determine the optimal content of the organic additive, the average values of Young’s
modulus, Poisson’s ratio, failure stress and failure strain were determined for the E601 resin
as reference values (Eref, νref, σfref and εfref). The average values of the same quantities
obtained for specimens with additives were related to these values. The results in the form
of ratios are shown as graphs in Figure 12.
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5. Conclusions

1. We do not recommend ethyl cellulose (EC) as an additive to the epoxy resin due to
its poor miscibility. The best miscibility with epoxy resin and the best-looking test
specimens were observed when using carboxymethyl cellulose (CMC) additives.

2. Both maximum values of strains and stresses in the stress–strain curves, higher than
for epoxy resin, were observed for epoxy resins modified with epoxidized soya oil.
The highest stresses were detected for epoxy E601 resin modified with 3 phr soya oil
(ESO3), whereas the highest strains occurred for epoxy modified with 10 phr soya oil
(ESO10) specimens.

3. The smallest standard deviation values of Young’s modulus, Poisson’s ratio and
stress and strain values were observed for epoxy resins modified with 3 phr added
epoxidized soya oil (ESO3).

4. Despite the imperfections of the prepared specimens and the small population of the
tests carried out, the obtained results seem interesting and indicate the desirability of
further extended research in biodegradation testing. We propose continuing research
with epoxy resin modified with 3 phr epoxidized soya oil (ESO3) and 10 phr of methyl
cellulose (MC10).

Author Contributions: Conceptualization, A.D.; methodology, A.D.; software, A.D.; validation,
A.D.; formal analysis, A.D.; investigation, A.D., W.F. and J.S.; resources, A.D.; data curation, A.D.;
writing—original draft preparation, A.D.; writing—review and editing, A.D. and W.F.; visualization,
A.D.; supervision, A.D.; project administration, A.D.; funding acquisition, A.D. All authors have read
and agreed to the published version of the manuscript.

Funding: This research study and APC were funded by Military University of Technology, grant
number UGB 22-768.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

196



Materials 2023, 16, 1854

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kramer, C.A.; Loloee, R.; Wichman, I.S.; Ghosh, R.N. Time Resolved Measurements of Pyrolysis Products from Thermoplastic

Poly-Methyl-Methacrylate (PMMA). In Proceedings of the ASME 2009 International Mechanical Engineering Congress and
Exposition, Lake Buena Vista, FL, USA, 13–19 November 2009; pp. 99–105. [CrossRef]
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Abstract: The paper presents a procedure of the manufacturing and complex analysis of the prop-
erties of injection mouldings made of polymeric composites based on the poly(butylene succinate)
(PBS) matrix with the addition of a natural filler in the form of wheat bran (WB). The scope of
the research included measurements of processing shrinkage and density, analysis of the chemical
structure, measurements of the thermal and thermo-mechanical properties (Differential Scanning
Calorimetry (DSC) and Thermogravimetric Analysis (TG), Heat Deflection Temperature (HDT), and
Vicat Softening Temperature (VST)), and measurements of the mechanical properties (hardness, im-
pact strength, and static tensile test). The measurements were performed using design of experiment
(DOE) methods, which made it possible to determine the investigated relationships in the form of
polynomials and response surfaces. The mass content of the filler and the extruder screw speed
during the production of the biocomposite granulate, which was used for the injection moulding of
the test samples, constituted the variable factors adopted in the DOE. The study showed significant
differences in the processing, thermal, and mechanical properties studied for individual systems of
the DOE.

Keywords: composite; injection moulding; biofiller; bioplastic; thermal properties; thermo-mechanical
properties; mechanical properties; agro-waste materials; agro-flour filler

1. Introduction

Over the past several years, environmental issues have been increasingly raised,
prompted by alarming reports of the environmental pollution caused by excessive use
of petrochemical plastics [1–6]. One of the rapidly developing ways of prevention of
the increasing pollution is the development and widespread use of biocomposites with
natural fillers. In particular, the biocomposites are based on biodegradable or compostable
polymers that are derived from natural sources or synthesized from substrates of natural
origin [7,8]. Numerous complex compositions of multiple biodegradable polymers in
various ratios are also used for that purpose [9–12]. Examples of such polymeric ma-
terials used to produce biocomposites include polylactide [13], polyvinyl alcohol [14],
poly(hydroxyalkanoates) [15], polycaprolactone [16], and one of the more interesting—
poly(butylene succinate) (PBS) [17]. PBS has very good functional properties that allow it
to be widely used even in specific applications [18,19]. It is also characterized by very good
mechanical and processing properties, which could classify this polymer as a structural
material of common use [20–22]. However, PBS, like most of biodegradable polymers, has
one significant disadvantage—a manifold higher price compared to traditional polyolefins
of petrochemical origin, such as polypropylene or polyethylene [19,23,24]. This reduces its
industrial popularity by excluding it from common use and marginalizing it to industries
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with high production costs [25,26]. The reason for the high costs consists mainly in the com-
plex process of preparation and the high price of substrates but also the necessity of their
drying, storage, and transportation in special conditions [27–31]. Therefore, the area of our
current interest includes PBS-based polymer biocomposites with the addition of low-cost
natural fillers, whose addition facilitates the possibility to reach the price competitiveness
level, but often also provides a unique set of properties [21,32,33].

The literature includes numerous papers dealing with the manufacturing and proper-
ties of biocomposites on a PBS matrix with the addition of various natural fillers. Exam-
ples of such fillers are shredded wood shavings [34]; ground bran of cereals (wheat [35]
and rice [36]); nut shells (pistachios [37], peanuts [38], and coconut [39]); and seeds (al-
monds [40]) but also dried pomace (apple [41] and grape [42]) or even wine lees [43]. The
composition of all natural fillers of plant origin is based mainly on cellulose, hemicellulose,
and lignin, but they differ in structure as well as in the proportion of their main components
and the content of additional substances, such as simple and complex sugars, proteins, fats,
and water [44–46]. Due to these differences, each lignocellulosic filler (LCF) will modify
the properties of the polymer biocomposite in its own individual way. However, it can be
generally assumed that the addition of the LCF positively affects the degradation rate and
improves the stiffness of the composites [42,47,48] but also reduces the density and wear
of the processing machine components compared to the mineral fillers [49–51]. However,
the use of powdered byproducts of natural origin as fillers has some disadvantages and
entails technological issues. Firstly, there is a decrease in the processability of composites
due to the content of a significant amount of moisture and the increase of their viscosity
and resistance during processing [52–55]. It is associated with an increased force on the
drive system of the processing machine, a decrease in process efficiency and a risk of pore
formation and hydrolysis during processing [52,53,56,57]. Secondly, the presence of LCF
reduces the thermal resistance of the composites due to the low thermal decomposition
temperatures of their structural components, which can be as high as approx. 150 ◦C.
Therefore, PBS is suitable for the production of biocomposites with natural fillers because
it has a low melting point (about 115 ◦C) [17,58–61]. Thirdly, the mechanical strength of
LCF biocomposites is usually inversely proportional to the filler content [4,21,50,62]. The
decrease in strength is usually related to the strength of the interfacial interactions at the
polymer matrix/filler boundary. Due to their chemical structure, LCFs are hydrophilic
in nature, whereas long polymer chains are hydrophobic or moderately hydrophilic due
to the presence of local functional groups capable of forming hydrogen bonds [63,64].
Many authors indicate a significant decrease in the tensile strength of PBS biocomposites
with the addition of powdered natural fillers. The decrease in strength is often higher
the greater the filler content and can reach values of up to 50% [18,21,36,38,40–42]. The
reduction in strength of biocomposites relative to unfilled polymeric materials is therefore
an inherent aspect of the use of natural fillers. PBS, on the other hand, is hydrophilic
in nature, and its water wetting angle is 70◦ [65] so that the level of interaction of PBS
with the filler remains at a satisfactory level. This, combined with the good strength of
neat PBS, makes it possible to efficiently produce biocomposites even with a high filling
degree while maintaining satisfactory values of mechanical resistance parameters [66].
Nevertheless, many authors decided to use a compatibilizer during the manufacturing of
the biocomposites, based on a PBS matrix with an addition of natural fillers. Due to the low
popularity of PBS, there are no commercially available compatibilizers based on PBS, as
is the case for polyethylene, where polyethylene grafted with maleic anhydride is widely
available. In the case of PBS, maleinized, or epoxidized vegetable oils [38,40,67] or coupling
agents based on, e.g., silanes [48,68,69] are used as compatibilizers in scientific research.
Modified vegetable oils are most often ineffective and even cause a reduction in tensile
strength, stiffness, and impact strength with respect to the PBS with filler but without
oils [38,40,67]. Organosilane-based compatibilizers can improve the mechanical properties
relative to biocomposites without a compatibilizer, but their cost is significant, and they ex-
hibit significantly higher efficiencies over fibrous fillers than powdered ones [48,69]. Some
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authors choose to produce maleic anhydride-grafted PBS under laboratory conditions,
such as by extrusion of reactive PBS and maleic anhydride in the presence of dicumyl
peroxide. Despite the high efficiency of this compatibilizer, its use drastically increases
the cost of manufacturing PBS matrix composites with natural filler [70–72]. The main
purpose of using natural-waste fillers, which are most often technological waste from food
or agricultural industry, is to reduce the cost of expensive polymeric materials such as
PBS [49,73]. Therefore, it should be noted that the production of a compatibilizer or the
use of a commercially available one significantly increases the cost of manufacturing the
whole biocomposite, and the obtained strengthening effects are moderate or unsatisfactory.
Thus, the use of compatibilizers during the manufacturing of PBS-based biocomposites is
technically as well as economically unjustified [25,32,74].

The scientific literature abounds in papers dealing with the subject of biocomposites
made of a PBS matrix with the addition of various fillers of natural origin, including fillers
made of agricultural and food industry wastes. Despite the above, there is a shortage of
works describing in detail the manufacturing process and characterizing the properties of
compositions made of poly(butylene succinate) with the addition of ground wheat bran,
which is a technological waste in the production of white flour. In the following work, an
extensive and detailed analysis of selected properties of PBS injection mouldings filled with
crushed wheat bran was carried out. The aim of this study was to evaluate the influence of
wheat bran content and extruder screw speed during the extrusion of biocomposite pellets
on the properties of the injection-moulded parts produced from them. The characteristics of
the changes in the processing and the physical, structural, thermal, thermo-mechanical, and
mechanical properties were determined as functions of variable factors; this was followed
by an extensive analysis of the obtained results.

2. Experimental
2.1. Test Stand

Injection moulding of the biocomposite was carried out using an Arburg Allrounder
320C (Arburg, Lossburg, Germany) screw injection moulding machine equipped with a
dual cavity mould to produce specimens for strength testing. The shape and dimensions
of the samples were in accordance with ISO 294-1:2017-07 [75]. The specimens were dog-
bone-shaped with a total length of 150 mm and a thickness of 4 mm; the width of the
measuring part was 10 mm, and the grip part was 20 mm. Due to the danger of the thermal
decomposition of the biocomposite components, low temperatures were applied during
processing. The temperature of the plasticizing system was 30 ◦C in the feed zone, and
in the individual heating zones it was: I–125 ◦C, II–145 ◦C, III–155 ◦C, and IV–160 ◦C;
the injection nozzle temperature was 155 ◦C. The temperature of the thermostated mould
was 25 ◦C. The injection of the biocomposition was performed at the following settings:
maximum injection pressure 120 MPa, polymer flow rate 20 cm3/s, packing pressure
110–80 MPa, packing time 15 s, and cooling time 20 s. In the case of the highest bran
fraction of 50% (DOE layout 8), the injection pressure was increased by 130 MPa and the
packing pressure to 120–80 MPa, which made it possible to eliminate the incomplete filling
of mould cavities occurring at the lower values of these parameters.

2.2. Materials

The components of the studied biocomposition are: PBS constituting its matrix and
filler in the form of wheat bran. A PBS designed for general-purpose injection mould-
ing, trade name BioPBS FZ91 PB [76], was used to produce the biocomposition samples.
This material is produced from bio-based succinic acid and 1,4-butanediol by PTT MCC
BIOCHEM CO., Ltd., Bangkok, Thailand. The wheat grain husks, or wheat bran (WB),
used in the biocomposition came from a local mill near Lublin (Poland). They are a waste
product from the refining of white flour. The bran takes the form of thin flakes several mil-
limetres thick, composed of fibrous substances, such as cellulose, lignin, and hemicellulose.
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They also contain phytic acid, oligosaccharides, and non-starch polysaccharides, as well as
fats and proteins, in their composition [77,78].

2.3. Research Programme and Methodology

Experimental tests were carried out according to the adopted DOE: central, composite,
rotatable with star point distance = 1.414. The following independent variables—adjustable
conditions of the process—were assumed: mass content of wheat bran introduced into
poly(butylene succinate) u = 10 ÷ 50%wt and extruder screw speed n = 50 ÷ 200 min−1

when obtaining the processed biocomposite pellets. A detailed analysis of the extrusion pro-
cess and properties of the compositions obtained were presented in a previous paper [66].
The experimental design and test results obtained—the mean values of the dependent
variables studied—are presented in Tables 1 and 2. Measurements were made in at least
five replicates.

Table 1. Experimental design and experimental test results—mean values and standard deviation—part I.

Experimental
Design Layout

n,
min−1

u,
%

SL,
%

ST,
%

SP,
%

ρ,
g/cm3

HDT,
◦C

VST,
◦C

1 72 15.9 1.07 ± 0.01 1.83 ± 0.05 2.11 ± 0.02 1.3064 ± 0.0010 91.1 ± 0.8 109.1 ± 0.3
2 72 44.1 0.61 ± 0.01 1.37 ± 0.06 1.11 ± 0.01 1.3652 ± 0.0010 93.7 ± 0.4 108.4 ± 0.2
3 178 15.9 1.07 ± 0.01 1.88 ± 0.06 2.12 ± 0.02 1.3054 ± 0.0007 91.5 ± 0.8 109.3 ± 0.3
4 178 44.1 0.61 ± 0.01 1.37 ± 0.06 1.03 ± 0.03 1.3668 ± 0.0012 93.6 ± 0.5 108.3 ± 0.5
5 50 30.0 0.91 ± 0.01 1.66 ± 0.03 1.99 ± 0.02 1.3352 ± 0.0008 92.0 ± 0.5 108.7 ± 0.4
6 200 30.0 0.89 ± 0.01 1.58 ± 0.06 1.90 ± 0.03 1.3361 ± 0.0008 92.4 ± 0.4 108.9 ± 0.4
7 125 10.0 1.23 ± 0.01 2.03 ± 0.05 2.13 ± 0.02 1.2938 ± 0.0005 91.2 ± 0.2 109.7 ± 0.3
8 125 50.0 0.57 ± 0.01 1.11 ± 0.04 0.93 ± 0.02 1.3798 ± 0.0014 93.6 ± 0.5 108.5 ± 0.3

9 (C) 125 30.0 0.90 ± 0.01 1.58 ± 0.06 1.94 ± 0.02 1.3349 ± 0.0010 92.3 ± 0.4 108.8 ± 0.3

Table 2. Experimental design and experimental test results—mean values and standard deviation—part II.

Experimental
Design Layout

n,
min−1

u,
%

H,
MPa

Impact
Strength,

kJ/m2

σ,
MPa

E,
MPa

ε,
%

1 72 15.9 55.9 ± 1.09 35.17 ± 1.53 30.20 ± 0.20 953 ± 5 22.1 ± 2.0
2 72 44.1 63.0 ± 0.47 11.70 ± 0.24 16.18 ± 0.30 1554 ± 27 9.1 ± 1.4
3 178 15.9 55.6 ± 1.19 38.96 ± 3.44 29.90 ± 0.27 929 ± 8 18.1 ± 1.7
4 178 44.1 62.2 ± 0.92 11.45 ± 0.34 16.58 ± 0.11 1530 ± 7 9.3 ± 1.1
5 50 30.0 59.8 ± 1.40 20.91 ± 1.43 23.00 ± 0.23 1208 ± 13 18.0 ± 3.4
6 200 30.0 59.7 ± 1.19 21.00 ± 2.09 22.34 ± 0.15 1206 ± 5 21.8 ± 1.9
7 125 10.0 53.3 ± 1.16 49.49 ± 1.48 31.96 ± 0.05 830 ± 3 26.6 ± 7.4
8 125 50.0 63.6 ± 0.47 8.88 ± 0.76 13.54 ± 0.13 1584 ± 9 8.1 ± 0.9

9 (C) 125 30.0 59.8 ± 1.40 19.44 ± 1.37 21.54 ± 0.11 1172 ± 8 16.9 ± 1.5

The following dependent (observed) variables were adopted in the experimental
study: processing longitudinal SL, transverse ST and perpendicular SP shrinkage [%],
density ρ [g/cm3], heat deflection temperature HDT [◦C], Vicat softening temperature
VST [◦C], hardness H [MPa], impact strength [kJ/m2], tensile strength σ [MPa], Young’s
modulus E [MPa], and elongation at break ε [%]. The measurements carried out according
to the adopted design of the experiment made it possible to approximate the relationship
between the mentioned dependent and independent variables by means of a polynomial
value of many variables consisting of the following members: constant value, linear terms,
quadratic terms, and a two-factor interaction term (Equation (1)) [66], where Y is the
predicted response value (Y stands for H, SL, ST, SP, HDT, VST, ρ, impact strength, σ,
E, and ε), a0 is a constant value, and ax are the regression coefficients.

Y(n·u) = a0 + a1n + a2u + a3n2 + a4u2 + a12nu (1)
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Experimental tests of the injection mouldings made of the polymer compositions were
carried out:

• Measurement of longitudinal shrinkage SL and transverse shrinkage ST and perpen-
dicular shrinkage SP of the samples with the use of a caliper as per ISO 294-4:2005 [79].
The measurement was made with an accuracy of 0.01 mm.

• Standard density was measured according to ISO 1183-1 A [80] using the immersion
method. The mass of the samples in air and in water was measured. In order to obtain
full soaking of the sample, the processed products were kept immersed in water for
24 h and then measured.

• FTIR analysis was performed using a TENSOR 27 FTIR spectrophotometer (Bruker,
Billerica, MA, USA), with ATR (Attenuated Total Reflectance). The measurement was
performed with a diamond crystal, recording 16 scans per spectrum in the range of
600–4000 cm−1 with a resolution of 4 cm−1.

• Differential scanning calorimetry (DSC) measurements of biocomposite injection
mouldings were performed according to ISO 11357-1:2016 [81] using a NETZSCH
(Günzbung, Germany) model 204 F1 Phoenix DSC scanning calorimeter. Processing
of the test data was carried out using the NETZSCH Proteus software. Measurements
were made under the following conditions: heating cycle (I) with a heating rate of
10 K/min in the temperature range of −150 ◦C–140 ◦C; cooling cycle at a rate of
10 K/min within a temperature range of 140 ◦C–150 ◦C; heating cycle (II) at a rate
of 10 K/min within the temperature range of −150 ◦C–140 ◦C; mass of measuring
samples about 10 mg; and aluminium crucibles with pierced lids. On the basis of
DSC curves obtained, the following findings were determined: crystallinity degree
Xc, melting enthalpy ∆Hm, melting temperature Tm, crystallization temperature Tc,
and glass transition temperature Tg of the investigated biocomposite samples. The
adopted inflection point of the DSC curve in the glass transition region corresponded
to the glass transition temperature. While determining the degree of crystallinity, the
relation (Equation (2)):

Xc =

(
∆H

(1 − u)× ∆H100%

)
× 100% (2)

The adopted ∆H100% value for PBS in the calculation = 1103 J/g [82].

• Thermogravimetric (TG) measurements of the injection mouldings were carried out
using a Jupiter STA 449 F1 thermal analyser (NETZSCH, Günzbung, Germany) in an
oxidizing atmosphere. The gaseous products of the sample decomposition were anal-
ysed using an attached TENSOR 27 FTIR spectrophotometer from Bruker, (Germany).
The measurements were carried out under the following conditions: temperature
40–800 ◦C, synthetic air flow rate 25 mL/min, sample mass about 12 mg, and measur-
ing crucibles made of Al2O3.

• The heat deflection temperature (HDT) tests were performed using a Ceast HV3
apparatus manufactured by Instron (Turin, Italy) as per ISO 75-2:2013 [83]. Flat
specimen alignment, B-measurement method (flexural stress 0.45 MPa), and a heating
rate of 120 ◦C/h were used.

• Vicat softening temperature (VST) values were also determined on the Ceast HV3
apparatus by Instron (Turin, Italy) as per ISO 306:2013 [84]. The A120 measurement
method was applied—10 N force and 120 ◦C/h heating rate.

• The hardness was measured employing a ball indentation method with the use of
an HPK 8411 hardness tester with a ball-shaped indenter of 5 ± 0.025 mm diameter.
Measurements were made in accordance with ISO 2039-1:2004 [85]

• Unnotched Charpy impact tests were carried out in accordance with ISO 179-2:2020 [86]
on a Type 639F impact hammer by Cometech Testing Machines (Taizhong, Taiwan).
The pendulum used had a maximum energy of 5093 J. The samples for impact tests
were made by cutting the measuring part out of injection-moulded, dog-bone-shaped
samples, obtaining rectangular samples with dimensions of 80 × 10 × 4 mm.
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• The strength properties, such as tensile strength σ [MPa], elongation at break ε [%],
and Young’s modulus [MPa] were determined based on ISO 527-2 [87]. The tensile
speed during the measurements was 50 mm/min. The measurements employed a
Zwick Roell (Ulm, Germany) model Z010 testing machine.

3. Results

The collected results of the experimental investigations on the properties of the injec-
tion mouldings of poly(butylene succinate) (PBS) biocomposition filled with wheat bran
are presented in Tables 1 and 2. The collected experimental results were used to determine
empirical models describing the influence of adjustable process conditions (independent
variables) on the examined properties of biocomposition (dependent variables). The models
were adjusted using the backward stepwise regression method. The applied Pareto chart of
standardized effects allowed us to illustrate the influence of the members of the regression
equations on the studied quantity (dependent variable). Statistically significant are the
members for which the absolute values of the standardized effects exceed the vertical line
corresponding to the assumed significance level p = 0.05.

3.1. Physical and Structural Properties
3.1.1. Processing Shrinkage

Determined empirical models of the processing of longitudinal SL, transverse ST, and
perpendicular SP shrinkage were presented by means of polynomials (Equations (3)–(5)):

SL = 1.362225 − 0.016295u (3)

ST = 2.205955 − 0.020187u (4)

SP = 1.915118 + 0.031844u − 0.001090u2 (5)

The results of the statistical analyses of the adopted processing shrinkage models are
presented in Tables 3–5. It was observed that the wheat bran content u has a significant
effect on the types of processing shrinkage SL, ST, and SP, and that this relation is linear for
the longitudinal and transverse shrinkage (Figures 1 and 2). For perpendicular shrinkage
SP, the quadratic term of the model with a negative effect is also statistically significant
(Figure 3). Increasing the bran fraction results in a significant decrease in processing
shrinkage (Figures 4–6). The greatest reductions in shrinkage values obtained by increasing
the wheat bran content u in the composition from 10 to 50% (DOE layouts 7 and 8) were
0.66% for longitudinal shrinkage SL (54% of the initial value), 0.92% for transverse shrinkage
ST (45% of the initial value), and 1.21% for perpendicular shrinkage SP (57% of the initial
value), respectively. No effect of the applied extruder screw speed n during the production
of the polymeric composition and the occurrence of interactions between the variable
factors studied on the processing shrinkage of the mouldings studied was observed.

In the case of mouldings made from the PBS alone, without the addition of bran,
the processing shrinkage was higher and amounted to: longitudinal SL = 1.57 ± 0.007%,
transverse ST = 2.40 ± 0.027%, and perpendicular SP = 2.22 ± 0.014%.

The processing shrinkage of injection-moulded parts made of partially crystalline
polymers depends on many factors, which include heat transfer during cooling, volume
shrinkage due to thermal expansion, flow-induced residual stresses, orientation of macro-
molecules, and crystallization. The above factors are in turn dependent on the processing
parameters and properties of the injected material [88]. All of the measurement series
studied are characterized by partial crystallinity [66], by which the effect of shrinkage
anisotropy was observed. It is recognized that for partially crystalline materials, the highest
shrinkage values are observed in the flow direction due to the flow-induced orientation
of the macromolecules [89], while in the analysed case the measured values of the longi-
tudinal processing shrinkage were found to be smaller than the values of the transverse
and perpendicular shrinkage. This is related to the elastic recovery effect generated by
the amorphous phase [90], whose share is significant and varies in the range of 27–46%
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depending on the filler share, as presented further in the description of the DSC studies.
Moreover, the papers dealing with the shrinkage of semi-crystalline polymeric materials,
including polyesters, demonstrated that when we take into account the additional factors
affecting shrinkage, the processing shrinkage in this type of material occurs most inten-
sively at the sample thickness [88,90]. This is consistent with the obtained shrinkage results
for the tested PBS/WB biocomposites. The exceptions are the composites with the highest
WB content (44% and 50%), for which the transverse shrinkage reached values higher than
the perpendicular shrinkage. This is most likely to be due to a significant change in the
material properties, such as viscosity and thermal conductivity, which leads to changes
in cooling efficiency, the quality of pressure transmission in the flow system, and local
flow rates. The value of shrinkage in the perpendicular direction occurring at the sample
thickness is most susceptible to changes in the processing parameters during injection
moulding [88–90].

The PBS/WB composites showed lower processing shrinkage values with respect
to the unfilled PBS. This is due to the fact that the filler used is not subject to processing
shrinkage. The effect of specific volume loss related to the crystallization effect during
cooling is less pronounced with increasing filler content in the temperature and pressure
ranges used during the injection moulding. This has been confirmed in previous work [66]
via p-v-T tests.

Table 3. Model of longitudinal shrinkage SL—ANOVA table, R2 = 0.98; Radj
2 = 0.98.

Source of
Variation SS df MS F p

U 2.123473 1 2.123473 2285.24 0.00000
Error 0.039956 43 0.000929

Total SS 2.163429 44
SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.

Table 4. Model of transverse shrinkage ST—ANOVA table, R2 = 0.94; Radj
2 = 0.94.

Source of
Variation SS df MS F p

u 3.259054 1 3.259054 655.59 0.00000
Error 0.213760 43 0.004971

Total SS 3.472814 44
SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.

Table 5. Model of perpendicular shrinkage SP—ANOVA table, R2 = 0.97; Radj
2 = 0.96.

Source of
Variation SS df MS F p

u 8.997936 1 8.997936 1063.73 0.00000
u2 1.160503 1 1.160503 137.19 0.00000

Error 0.355273 42 0.008459
Total SS 10.513711 44

SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.
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3.1.2. Density

The result of the performed modelling of the density ρ of the injection mouldings
made of the compositions under study is an empirical model in the form of the polynomial
(Equation (6)):

ρ = 1.274262 + 0.001905u + 0.000003u2 + 0.0000002nu (6)

It has been observed that the wheat bran content u introduced into the composition
has the strongest effect on the density of the obtained mouldings (linear and quadratic
terms of the equation—Figure 7). Also statistically significant was the interaction between
bran content u and extruder screw speed n during the production of the composites under
study, but its influence is relatively very small. The results of the statistical analysis of
the adopted model are presented in Table 6. The linear term in the model equation has
the greatest influence on the density. Increasing the bran content, the density of which is
ρ = 1.5347 ± 0.0084 g/cm3, causes an increase in the density of the mouldings obtained
from the polymeric composition (Figure 8). The highest increase in the density of the
mouldings, 0.0861 g/cm3 (7%), was obtained by increasing the wheat bran content u in the
composition from 10 to 50% (DOE layouts 7 and 8). The density of the samples made of
PBS alone was significantly lower and amounted on average to ρ = 1.275 ± 0.0002 g/cm3,
whereas the density of the filler was ρ = 1.5347 ± 0.0084 g/cm3. It should be noted that the
density of the studied injection mouldings is in all cases clearly higher (from 0.0491 g/cm3

to as much as 0.1927 g/cm3) than the density of the pellets from which they were made. The
relevant results of the density tests of the produced composition, in the form of pellets and
microscopic pictures of its structure, were presented in a previous paper [66]. Reprocessing
of the composition, this time by injection moulding, resulted in a decrease in the amount
of pores present in the pellets as a result of the release of water vapour from the moisture
contained in the bran and possibly partly from the products of the thermal decomposition
of the composite components. During extrusion, there was a drastic reduction in pressure
from 4–9 MPa to atmospheric pressure [66], which stimulated the formation of pores.
During injection moulding, the material was pressed into the mould at 120 MPa and cooled
at a gradient packing pressure of 120–80 MPa. This resulted in more packed material and
prevented pore growth. The effect of pressure on the material packing was also confirmed
in previous work with p-v-T T tests at 20 MPa and 110 MPa [66].

Table 6. Model of density ρ—ANOVA table, R2 = 0.99; Radj
2 = 0.99.

Source of
Variation SS df MS F p

u 0.036588 1 0.036588 37,269.04 0.000000
u2 0.000011 1 0.000011 11.68 0.001441
nu 0.000008 1 0.000008 8.43 0.005907

Error 0.000040 41 0.000001
Total SS 0.036648 44

SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.
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3.1.3. Chemical Structure

The chemical structure of PBS and its biocomposites with wheat bran was confirmed
using FTIR analysis. Characteristic absorption bands originating from the vibrations of
C=O carbonyl groups (1714 cm−1) and ester bonds -C-O-C and -O-(C=O) at 1262 cm−1,
1173 cm−1, and 1044 cm−1 are observed on PBS spectrum. The structure of wheat bran
is mainly composed of polysaccharides (including cellulose, hemicellulose, and lignin),
phenolic and lipid compounds, and proteins, as confirmed by the FTIR spectrum [66,91].
The spectra of PBS composites with bran (Figure 9) show absorption bands originating from
functional groups that build both components. Figure 9 presents example FTIR spectra of
the composites obtained at the same screw speed but with increasing bran content from
10% through 30% to 50%. An increase in the intensity of the absorption bands originating
from the bran structure is observed along with an increase in the bran content in the
composites. Particularly clear is the change in the maximum absorption band present
on the PBS spectrum at 1173 cm−1 to 1156 cm−1 for composites 8 and 9, containing 50%
and 30% bran, respectively. The shift of this band originating from the -C-O-C- vibration
indicates the presence of a non-covalent interaction between PBS and the bran chemical
components, which has also been previously reported [65,92]. It can be expected that this
may be an interaction of the nature of hydrogen bonding, most likely between the -OH
groups of the polysaccharides and lignin and the C=O groups in the polyester, but no shift
in the absorption band of the carbonyl group was observed.
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3.2. Thermal and Thermomechanical Properties
3.2.1. DSC

The DSC tests were performed in an inert gas atmosphere. The tests were performed
in cycles: heating (I), cooling, and then heating (II). Table 7 presents the thermal parameters
of the mouldings and their crystallinity degrees, determined on the basis of the DSC ther-
mograms presented in Figure 10. The glass transition temperature (Tg) of PBS determined
from the first heating cycle is about 5 ◦C higher than that of the composites. This difference
almost disappears when Tg is read from the thermograms from the second heating cycle,
and the secondary chain relaxation of PBS occurs at around −32 ◦C. The DSC thermograms
show distinct endothermic peaks, which are due to the melting of the crystalline phase of
the PBS present in the composites. The maximum of these endothermic transformations
occurs at approx. 120 ◦C. However, the Tm of neat PBS is slightly higher than that of
the composites, and in general, the Tm values determined from the first heating cycle are
higher than those determined from the second heating cycle. Apart from the high PBS
melting point, the DSC thermograms of the composites from the second heating cycle also
show lower endothermic peaks with the maximum value at approx. 105 ◦C, while the
curves from the first heating cycle show a broad peak extending from approx. 80 ◦C. The
presence of this broad peak in the first heating cycle may be a result of the evaporation of a
small amount of water absorbed within the structure of the composites, the presence of
which was also confirmed by TG tests. The presence of a smaller endothermic peak on
the thermograms from the second heating cycle has already been reported in our previous
work [66], in which we presented DSC thermograms made for the pellets from which the
injection mouldings under discussion were obtained. The course of the thermograms for
the mouldings is different than that for the initial pellets for each composite, irrespective
of the content of bran and screw speed; a clear first endothermic peak is present. If the
mouldings with different bran content obtained with the same n, (1, 2 or 3, 4 or 7–9), are
compared, a greater separation of endothermic peaks can be observed with the increasing
bran content. As postulated earlier, the first endothermic peak is probably due to the
melting of the less perfect PBS crystalline phase, which in this case was formed during
the injection-moulding process. The values of the degree of crystallinity of the composite
mouldings calculated from the first and second heating cycles are significantly different.
Taking into account the fact that absorbed water is present in the structure of the com-
posites, it can be concluded that the melting points of the crystalline phase and water
desorption could overlap, which influenced the ∆Hm value, as well as the values of the
crystallinity degree. Therefore, when considering the effect of the bran content on the
degree of crystallinity of the composites, we refer to the values determined from the second
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heating cycle. In the case of the mouldings, a dependence of Xc on the content of bran
is observed, which is analogous to the pellets. Neat PBS shows the highest crystallinity
(60.5%) and increasing the content of bran in the composites decreases the Xc values (DOE
layouts 1, 2 or 3, 4 or 7–9). In contrast to the previously described pellets, the screw speed
at which the output pellets were obtained did not affect the degree of crystallinity of the
mouldings obtained in the injection-moulding process.
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Table 7. Melting point (Tm), crystallization (Tc), and glass transition (Tg) temperatures; the enthalpy of melting (∆Hm) and
degree of crystallinity (Xc) of PBS and its composites with bran, based on differential scanning calorimetry (DSC) thermograms.

Sample
Heating I Cooling Heating II

Tg
[◦C]

Tm
[◦C]

∆Hm
[J/g]

Xc
[%]

Tc
[◦C]

Tg
[◦C]

Tm
[◦C]

∆Hm
[J/g]

Xc
[%]

PBS −25.6 121.3 72.1 65.4 86.4 −31.7 118.5 66.7 60.5
1(16) −32.5 119.6 58.0 62.6 85.3 −32.1 116.8 54.1 58.4
2(44) −33.5 118.4 41.0 66.4 78.0 −33.8 115.5 35.4 57.3
3(16) −30.2 117.3 67.5 72.9 84.3 −33.9 116.3 54.8 59.1
4(44) −29.9 118.3 43.6 70.6 80.6 −32.0 118.5 34.4 55.7
5(30) −31.3 118.9 51.1 66.2 82.2 −32.1 116.3 38.2 49.5
6(30) −31.5 118.9 51.7 67.0 81.3 −32.4 117.2 39.4 51.0
7(10) −33.3 118.8 63.3 63.8 86.4 −33.4 115.8 55.3 55.7
8(50) −32.5 117.6 39.0 70.7 83.3 −32.5 116.6 30.6 54.5
9(30) −31.4 118.0 41.9 54.3 79.6 −32.3 118.2 38.8 50.3

3.2.2. Thermal Stability

On the basis of a thermogravimetric analysis carried out in a synthetic air atmosphere,
the thermal stability and thermal decomposition course of the obtained mouldings were
determined. The TG curves presented in Figure 11 show a small mass loss, not exceeding
5%, related to the desorption of water present in the composite structure. The temperature
at which 5% of the sample decomposed (T5%) was determined as the temperature of the
onset of the mass loss of the samples. As can be seen from the data in Table 8, the T5%
value is the highest for neat PBS and decreases markedly with the increasing bran content
in the composite structure. The lowest stability (261 ◦C) is shown by material 8, containing
50% bran. Comparing the thermal stability of the mouldings and the pellets, discussed in
previous work, from which the mouldings were obtained, it can be stated that the injection
moulding process did not affect the changes in the course of the thermal decomposition
of the composites. The decomposition of neat PBS proceeds in a two-stage process; in the
first stage, the hydrolysis of ester bonds occurs in parallel with the oxidation processes,
whereas the second stage involves the final oxidation of the resulting deposit [66]. The
decomposition of the composites proceeds in three stages; besides the mass loss associated
with the decomposition of PBS, an additional first stage at about 303 ◦C, associated with the
oxidative decomposition of the bran, is observed. The former mass loss is proportional to
the bran content in the composites, which is also demonstrated by the TG and DTG curves
of composites 1, 2 and 3, 4 and 7–9. An increase in the bran content causes a decrease in
the thermal stability of the composites, which manifests itself in the values T5% and T50%.
Moreover, the Rm values for the composites and PBS, indicating the residual mass of the
sample after the TG analysis, point that they decompose completely at 800 ◦C. Coming
back to the comparison of the thermal stability of the discussed mouldings with that of the
initial pellets, it is evident that in the case of mouldings 5, 9, and 6, the n parameter has no
influence on the T5% values. During the injection-moulding process, the initial pellets were
heated above the value Tm, the internal structure of the composition was reorganized, and
the effect of the conditions of the pellet preparation on the thermal stability of the moulded
parts disappeared.
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Table 8. Parameters characterizing the thermal stability of PBS, bran, and biocomposites, obtained based on thermogravime-
try (TG) and derivative thermogravimetry (DTG) curves.

T5% [◦C] T50% [◦C] Tmax1
[◦C] ∆ m1 [%] Tmax2

[◦C] ∆ m2 [%] Tmax3
[◦C] ∆ m3 [%] Rm

[%]

bran 201 303 296 68.0 - - 459 29.7 2.3
PBS 307 386 - - 395 97.9 463 2.0 0.1
1(16) 288 380 303 11.9 389 82.0 474 6.0 0.1
2(44) 264 375 301 27.8 389 59.1 459 12.9 0.2
3(16) 293 384 303 10.7 394 82.3 478 6.9 0.1
4(44) 266 374 303 27.9 390 58.7 462 13.2 0.2
5(30) 274 380 303 20.5 392 70.3 476 9.1 0.1
6(30) 276 379 303 20.1 390 70.0 476 9.7 0.2
7(10) 299 383 303 8.5 391 87.0 475 4.5 0.3
8(50) 261 372 300 31.5 386 53.5 462 14.7 0.3
9(30) 274 381 303 19.8 391 71.1 476 9.0 0.1
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3.2.3. Heat Deflection Temperature

The determined relation describing the variation of the heat deflection temperature
HDT was presented by means of a polynomial (Equation (7)):

HDT = 90.24372 + 0.07126u (7)

The results of the statistical analysis of the adopted HDT model are presented in
Table 9. Similarly, as in the case of the other studied quantities, a significant linear effect on
the values of the heat deflection temperature HDT of the compositions studied is exerted by
the wheat bran content u (Figure 12). Increasing bran content causes a significant increase
in HDT in comparison with the samples of PBS alone, for which the determined HDT was
significantly lower and amounted on average to HDT = 88.2 ± 0.4 ◦C (Figure 13). The
highest increase in HDT during the tests, i.e., 2.4 ◦C (3%), was obtained by increasing the
wheat bran content u in the composition from 10 to 50% (DOE layouts 7 and 8). There
was no significant effect on the HDT of the applied extruder screw speed n during the
production of the polymer composite.

Table 9. Model of heat deflection temperature HDT—ANOVA table, R2 = 0.80; Radj
2 = 0.79.

Source of
Variation SS df MS F p

u 24.36606 1 24.36606 98.33462 0.000000
Error 6.19468 25 0.24779 - -

Total SS 30.56074 26 - - -
SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.
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The increase in the HDT with the bran content is mainly due to the stiffening effect of
the material. The presence of a dispersed, fine-grained natural filler in the PBS structure pro-
vides a mechanical barrier to the mobility of the macromolecules, improving the stiffness
of the biocomposite and slowing down the deformation process. Therefore, it is necessary
to reach temperatures in the higher range in order to obtain the preset bending deflection.
Many authors obtain similar results, where the HDT value for the PBS matrix composites
increases by several to over a dozen degrees relative to the unfilled PBS [43,76,93–95]. The
literature also includes papers demonstrating the significant influence of interactions at the
interfacial boundary of the PBS/natural filler, indicating the beneficial effect of compati-
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bilizers on the HDT values [23,94]. Therefore, the non-covalent interactions between PBS
and WB shown earlier in FTIR tests may also have a beneficial effect on the HDT values
obtained for the PBS/WB composites under study.
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u and screw speed n.

3.2.4. Vicat Softening Temperature

Based on the obtained measurement results, an empirical model describing the Vicat
softening temperature VST (Equation (8)) was determined in the form of a polynomial:

VST = 109.7676 − 0.0307u (8)

Statistical analysis of the effects of the studied variable factors on the VST showed a
statistically significant effect of only the mass content of bran u (Figure 14). The results
of the statistical analysis of the adopted model are presented in Table 10. In contrast to
the HDT, as the bran content of the composition increases, the value of the Vicat softening
temperature VST decreases in a linear fashion (Figure 15). In the case of the samples made
of PBS alone, the Vicat softening temperature was higher and amounted on average to
VST = 111.1 ± 0.2 ◦C. The observed changes, although statistically significant, are much
smaller compared to those observed for the HDT. The largest observed decrease in the Vicat
softening temperature VST, as a result of increasing the bran content in the composition
from 10 to 50% (DOE layouts 7 and 8), was only 1.2 ◦C (change by 1%).

Materials 2021, 14, 7049 19 of 33 
 

 

 
Figure 14. Pareto plots of the standardized effects of empirical full model Vicat softening 
temperature VST, the vertical line in the plot corresponds to the arbitrarily chosen level of 
significance (p = 0.05). 

 
Figure 15. Response surface plot for the Vicat softening temperature VST versus wheat bran content 
u and screw speed n. 

3.3. Mechanical Properties 
3.3.1. Hardness 

The result of the performed modelling of hardness H of the injection mouldings made 
of the compositions under study is an empirical model in the form of a polynomial 
(Equation (9)): 𝐻 =  49.32992 + 0.44949𝑢 − 0.00334𝑢ଶ (9) 

The results of the statistical analysis of the adopted model are presented in Table 11. 
It was observed that the mass content of bran u introduced into the composite had a 
significant effect on the hardness of the obtained mouldings (Figure 16). The greatest 
influence is exerted by the linear term in the model equation, but the quadratic term is 
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and it has a negative effect. Increasing the bran content causes an increase in the hardness 
of the mouldings (Figure 17). The highest increase in hardness H, i.e., 10.3 MPa (19%), was 
obtained by increasing the wheat bran content u in the composition from 10 to 50% (DOE 
layouts 7 and 8). The statistical analysis, however, did not show any significant effect on 
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Table 10. Model of Vicat softening temperature VST—ANOVA table, R2 = 0.64; Radj
2 = 0.62.

Source of
Variation SS df MS F p

u 4.140601 1 4.140601 42.56 0.000001
Error 2.334784 24 0.097283 - -

Total SS 6.475385 25 - - -
SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.
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3.3. Mechanical Properties
3.3.1. Hardness

The result of the performed modelling of hardness H of the injection mouldings
made of the compositions under study is an empirical model in the form of a polynomial
(Equation (9)):

H = 49.32992 + 0.44949u − 0.00334u2 (9)

The results of the statistical analysis of the adopted model are presented in Table 11.
It was observed that the mass content of bran u introduced into the composite had a
significant effect on the hardness of the obtained mouldings (Figure 16). The greatest
influence is exerted by the linear term in the model equation, but the quadratic term is
also statistically significant. However, its influence on hardness is many times smaller,
and it has a negative effect. Increasing the bran content causes an increase in the hardness
of the mouldings (Figure 17). The highest increase in hardness H, i.e., 10.3 MPa (19%),
was obtained by increasing the wheat bran content u in the composition from 10 to 50%
(DOE layouts 7 and 8). The statistical analysis, however, did not show any significant
effect on the hardness of the mouldings of the extruder screw speed n applied during the
production of the polymeric composition or the interaction between the bran content and
the extruder screw speed. The hardness of the samples produced for comparison from PBS
alone, without bran addition, was lower and averaged H = 49.55 ± 1.0 MPa.

The hardness of the composites containing powder fillers depends on many factors,
which include the mechanical and physical properties of the filler itself (stiffness, hardness,
and fineness) but also on the uniformity of the filler distribution in the polymeric matrix
and on the quality of the interfacial interactions. A slight increase in the hardness of the
PBS matrix composites with the increasing content of the powdered natural fillers is a
typical result reported by many authors [97,98]. However, only the adequate mixing and
compatibilization between the natural filler and the PBS ensure an effective force transfer
and a significant increase in hardness [99]. Concurrently, the use of, e.g., maleinized or
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epoxidized vegetable oils leads to the disruption of the interfacial interactions and a lower
hardness relative to the composites without added oils [25,67].

Table 11. Model of hardness H—ANOVA table, R2 = 0.92; Radj
2 = 0.91.

Source of
Variation SS df MS F p

u 456.4350 1 456.4350 424.7162 0.000000
u2 9.5844 1 9.5844 8.9184 0.004921

Error 40.8379 38 1.0747
Total SS 500.6960 40

SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.
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3.3.2. Impact Strength

On the basis of the obtained measurement results, an empirical model was determined
in the form of a polynomial describing the relation of the impact strength and the examined
variable factors (Equation (10)):

Impact strength = 67.88949 − 2.21174u + 0.02094u2 (10)

217



Materials 2021, 14, 7049

The statistical analysis of the effects of the studied variable factors on impact strength
showed a statistically significant effect of only the mass content of bran u (Figure 18). The
results of the statistical analysis presented in Table 12 demonstrated the significance of
the linear and quadratic terms in the adopted model. The impact strength values decrease
sharply with the increase in wheat bran content u (Figure 19). As a result of a maximal
increase in the wheat bran content u in the composite from 10 to 50% (DOE layouts 7 and 8),
the value of the impact strength decreased by as much as 40.6 kJ/m2 (82%). The unfilled
PBS samples were the only ones that did not fracture under the test parameters used.

The nature of the fracture of the PBS/WB biocomposite samples changed with their
content. For the two lowest WB contents (10% and 16%), the formation of a partial spall
was observed in the middle part of the sample. No spalling was observed for the other
contents, but the roughness of the resulting fracture increased along with the increasing
filler content. The unfilled PBS samples were the only ones that did not fracture under
the test parameters used. Taking into account the glass transition temperature (Table 7)
and the VST values (Table 1) of the tested materials, it can be concluded that at room
temperature, at which the impact test was conducted, the materials remain in an elastic
state. For this reason, the unfilled PBS did not crack. At low bran contents, there occurs
an initial accumulation of impact energy in the form of elastic deformation, followed by
the initiation of a rapid crack of a brittle nature with spalling due to stress concentration
on a random material defect, such as microcracks at the interfacial boundary. The energy
is mostly used to initiate the crack. The samples with filler content from 30 to 50% have
a significantly lower impact strength values due to numerous material defects, which
are potential places for crack initiation. The fracture is brittle in nature and the energy is
mainly utilized for crack propagation; so, the crack resistance decreases drastically with
filler content [100,101]. Deterioration of the impact strength with the increasing natural
filler content is a typical phenomenon for PBS-based biocomposites [17,21,36,67,102].
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backward stepwise regression method of model building eventually demonstrated that, 
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Table 12. Model of impact strength—ANOVA table, R2 = 0.98; Radj
2 = 0.97.

Source of
Variation SS df MS F p

u 6223.385 1 6223.385 1574.945 0.000000
u2 376.598 1 376.598 95.305 0.000000

Error 154.108 39 3.951
Total SS 6468.503 41

SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.
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3.3.3. Tensile Strength

The determined relation describing the variation of tensile strength was presented by
means of a polynomial (Equation (11)):

σ = 37.94986 − 0.55714u + 0.00144u2 (11)

The initial analysis of the full model (Figure 20) indicated that the effect of both
the wheat bran content u and the screw speed n was significant. However, the applied
backward stepwise regression method of model building eventually demonstrated that, for
this quantity, only the mass content of bran u (the linear and quadratic term) introduced into
the composition has a significant effect on its values. The results of the statistical analysis
of the adopted model σ are presented in Table 13. Moreover, in this case, increasing
the bran content in the composition causes a significant decrease in the tensile strength
(Figure 21). This is confirmed by the significantly higher tensile strength of the samples
made of PBS alone, which was on average σ = 40.68 ± 0.52 MPa. During the tests, following
the maximum increase in wheat bran content u in the composition from 10 to 50% (DOE
layouts 7 and 8), the greatest decrease in tensile strength σ of 18.4 MPa (58%) was recorded.

Tensile strength is strongly dependent on the quality of interactions at the matrix/filler
interfaces and the quality of filler distribution in the matrix. Weak interaction forces cannot
effectively transfer stresses between the filler grains and the polymer matrix, leading to
the formation of microcracks and discontinuities. The lack of compatibilizer and the low
strength of the bran itself leads to cavitation, i.e., the formation and enlargement of voids,
which are the places where cracks initiate. A detailed description of the cavitation effect
can be found in the work of Kim et al. [103]. As the WB content increases, so does the
number of potential material defects that may become points of failure initiation during
tension, especially for the hydrophilic WB and PBS matrix with a moderate affinity for
water [21,43]. The description of the effect consisting in the decrease in tensile strength of
the biocomposites based on the PBS matrix with the increase in natural filler content can be
found in many works of other authors [21,36–38,40–43].

Moreover, during the processing PBS, unlike WB, is subject to the effect of processing
shrinkage. This leads to a shrinkage of the plastic on the filler grains, exposing them to
compressive stresses, while the matrix itself is then subjected to tensile stresses. The filler
particles inside the PBS matrix consequently become stress concentration points, resulting
in reduced tensile strength [104,105].
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Table 13. Model of tensile strength—ANOVA table, R2 = 0.99; Radj
2 = 0.99.

Source of
Variation SS df MS F p

u 1726.567 1 1726.567 5428.771 0.000000
u2 2.027 1 2.027 6.375 0.015538

Error 13.040 41 0.318
Total SS 1741.222 43

SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.
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speed n.

3.3.4. Young’s Modulus

The result of the performed modelling of Young’s modulus E of the injection mould-
ings made of the compositions under study is an empirical model in the form of a polyno-
mial (Equation (12)):

E = 616.7247 + 20.0558u (12)

Once again, the preliminary analysis of the full model (Figure 22) indicated that the
influence of both variable factors under study was significant. The results of the modelling
performed (Table 14), as the most suitable model, indicated the linear dependence of taking
into account only the effect of wheat bran content u. The highest increase in Young’s
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modulus of the mouldings, i.e., 754 MPa (94%), was obtained by increasing the mass
content of bran u in the composition from 10 to 50% (DOE layouts 7 and 8) (Figure 23).
Young’s modulus of the samples made from the PBS alone was significantly lower and
averaged E = 729 ± 8 MPa.
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Table 14. Model of Young’s modulus E—ANOVA table, R2 = 0.99; Radj
2 = 0.99.

Source of
Variation SS df MS F p

u 3,216,923 1 3,216,923 3198.350 0.000000
Error 43,250 43 1006

Total SS 3,260,173 44
SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.
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As mentioned earlier when describing the HDT results, the introduction of a powder
filler into the polymer matrix results in an increase in stiffness by limiting the mobility of
the macromolecules with the presence of a dispersed phase. The increase in stiffness is
manifested by lower deformability, deterioration of the elastic and plastic properties, and
an increase in brittleness, which clearly affects all the parameters related to the deformation
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of the samples. This is, of course, a common phenomenon occurring in polymer composites
containing filler in powder form, either of natural or mineral origin [37,38,41–43,76].

3.3.5. Elongation at Break

On the basis of the obtained measurement results, an empirical model was determined
in the form of a polynomial describing the relation of elongation at break ε and the examined
variable factors (Equation (13)):

ε = 29.42612 − 0.42370u (13)

The statistical analysis of the effects of the studied variable factors on elongation at
break showed a statistically significant effect of only the mass content of bran u (Figure 24).
The results of the statistical analysis presented in Table 15 demonstrated the significance
of the linear and quadratic terms in the adopted model of elongation at break. As the
bran content u increases, the values of elongation at break ε decrease in a linear fashion
(Figure 25). As a result of a maximal increase in the mass content of bran u in the composite
from 10 to 50% (DOE layouts 7 and 8), the value of elongation at break ε decreased by
as much as 18.4% (69% of the initial value). Samples made from the PBS alone had a
significantly higher elongation at break ε = 218.6 ± 14.6%, and a ductile fracture with a
very long neck.

The obtained course of change in elongation at break is related to the aforementioned
increase in the stiffness of the composition and, at the same time, its brittleness, which is
manifested by a significant decrease in deformability. Analogous courses of changes in the
maximum deformation of the PBS with the increasing natural filler content can be observed
in other works and for other fillers [37,41–43,76]. The nature of the obtained fractures
also changed from ductile to brittle, similarly to the case with impact strength. Even the
addition of 10% WB resulted in a reduction in deformation by almost 200%, but the fracture
was ductile, and numerous longitudinal pore-like structures could be clearly observed on
the surface of the neck as a result of the cavitation effect. Each such structure represents
a potential point of crack initiation. At a bran content of 16%, there was only a residual
neck. For 30% and 44% bran content, the neck did not occur, and plastic deformation
was manifested in the form of light discolouration on the measurement part of the tested
samples. On the other hand, at the content of 50%, no plastic deformation indicators visible
to the naked eye were observed, and a brittle fracture with high roughness was obtained.

Table 15. Model of elongation at break ε—ANOVA table, R2 = 0.72; Radj
2 = 0.72.

Source of
Variation SS df MS F p

u 1243.739 1 1243.739 104.1111 0.000000
Error 477.851 40 11.946

Total SS 1721.590 41
SS—sum of squares, df—number of the degrees of freedom, MS—mean sum of squares, F—values of the test
statistic, p—value of probability corresponding to the test statistic value.
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4. Conclusions

Analysing the presented work as a whole, it can be stated with certainty that there is
no significant influence of the extruder screw speed during the production of pellets on
all the properties of the injection-moulded parts made of those pellets. Thus, for the sake
of efficiency and economy of production, high screw speed values are preferred during
the extrusion of the composite pellets. As presented in a previous paper [66], this has a
positive effect on the flow rate of the extrudate and minimizes the energy consumption
due to the autothermal effect, while not exerting a negative effect on the properties of the
finished injection-moulded products. Concurrently, a very significant effect of the filler
content on the properties investigated was found.

A beneficial effect of WB on the processing shrinkage value was observed. As the
filler content increases, the shrinkage values in all three directions decrease. Lower shrink-
age values facilitate mould designing and help maintain the dimensional stability of the
moulded parts. Moreover, the studied injection mouldings obtained higher density values
in comparison with the pellets from which they were made. This is due to the high injection
pressure and cooling under packing pressure.

Chemical structure tests showed the presence of structures and compounds typical
for PBS and wheat bran. The possibility of non-covalent interactions between the matrix
and the filler was also found.

223



Materials 2021, 14, 7049

The presence of WB in the structure of PBS affects its thermal properties. The DSC
results demonstrated a significant effect of the presence of bran on the degree of crystallinity
and the crystallization temperature of the PBS. The degree of crystallinity decreases relative
to the unfilled PBS. This may affect the mechanical and thermal properties of the biocom-
posite to some extent. The melting point of the tested compositions is slightly lower than
that for neat PBS. An analogous relationship was obtained for the VST. The crystallization
temperature during cooling is also lower than for PBS alone. The HDT increased along
with the increase in WB content, in spite of a general decrease in thermal stability shown in
the TG tests.

As far as the mechanical properties are concerned, an increase in hardness and stiffness
with the increasing WB content was demonstrated. The maximum tensile strength and
impact strength deteriorated drastically, which is as expected and typical for PBS matrix
composites containing powdered fillers of natural origin. In spite of the observed deteriora-
tion of some of the mechanical properties, their values still remain at a satisfactory level and
can meet the design requirements of many objects of everyday use. The high filling degree
of WB allows for an effective reduction in the cost of manufacturing PBS components,
potentially contributing to the industrial popularity of this biodegradable material.
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List of Abbreviations and Symbols
PBS Poly(butylene succinate)
WB Wheat bran
DOE Design of experiment
FTIR Fourier transform infrared (spectroscopy)
DSC Differential scanning calorimetry
Xc Degree of crystallinity

∆Hm Melting enthalpy
Tm Melting point
Tc Crystallization temperature
Tg Glass transition temperature
TG Thermogravimetry
DTG Derivative thermogravimetry
T5%, T50% Temperature of 5% and 50% of mass loss
Tmax Temperature of the maximum rate of mass loss
∆m Mass loss corresponding to Tmax
Rm Residual mass
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U Wheat bran content
N Extruder screw speed
HDT Heat deflection temperature

VST Vicat softening temperature
LCF Lignocellulosic filler
α Star point distance in DOE
SL Longitudinal shrinkage
ST Transverse shrinkage
SP Perpendicular shrinkage
P Density
p-v-T Relationship between pressure p, specific volume v and temperature T
H Hardness
σ Tensile strength
E Young’s modulus
ε Elongation at break
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Abstract: The results of comprehensive studies on accelerated (artificial) ageing and biodegradation
of polymer biocomposites on PBS matrix filled with raw wheat bran (WB) are presented in this paper.
These polymer biocomposites are intended for the manufacture of goods, in particular disposable
packaging and disposable utensils, which decompose naturally under the influence of biological
agents. The effects of wheat bran content within the range of 10–50 wt.% and extruder screw speed
of 50–200 min−1 during the production of biocomposite pellets on the resistance of the products to
physical, chemical, and biological factors were evaluated. The research included the determination of
the effect of artificial ageing on the changes of structural and thermal properties by infrared spectra
(FTIR), differential scanning calorimetry (DSC), and thermogravimetric analysis (TG). They showed
structural changes—disruption of chains within the ester bond, which occurred in the composition
with 50% bran content as early as after 250 h of accelerated ageing. An increase in the degree of
crystallinity with ageing was also found to be as high as 48% in the composition with 10% bran content.
The temperature taken at the beginning of weight loss of the compositions studied was also lowered,
even by 30 ◦C at the highest bran content. The changes of mechanical properties of biocomposite
samples were also investigated. These include: hardness, surface roughness, transverse shrinkage,
weight loss, and optical properties: colour and gloss. The ageing hardness of the biocomposite
increased by up to 12%, and the surface roughness (Ra) increased by as much as 2.4 µm at the highest
bran content. It was also found that ageing causes significant colour changes of the biocomposition
(∆E = 7.8 already at 10% bran content), and that the ageing-induced weight loss of the biocomposition
of 0.31–0.59% is lower than that of the samples produced from PBS alone (1.06%). On the other
hand, the transverse shrinkage of moldings as a result of ageing turned out to be relatively small,
at 0.05%–0.35%. The chemical resistance of biocomposites to NaOH and HCl as well as absorption
of polar and non-polar liquids (oil and water) were also determined. Biodegradation studies were
carried out under controlled conditions in compost and weight loss of the tested compositions was
determined. The weight of samples made from PBS alone after 70 days of composting decreased only
by 4.5%, while the biocomposition with 10% bran content decreased by 15.1%, and with 50% bran, by
as much as 68.3%. The measurements carried out showed a significant influence of the content of the
applied lignocellulosic fillers (LCF) in the form of raw wheat bran (WB) on the examined properties
of the biocompositions and the course of their artificial ageing and biodegradation. Within the range
under study, the screw speed of the extruder during the production of biocomposite pellets did not
show any significant influence on most of the studied properties of the injection mouldings produced
from it.

Keywords: accelerated ageing; biofiller; thermal properties; agro-waste materials; agro-flour filler;
natural filler; thermal resistance; discolouration; lignocellulosic materials; biopolymer; composites
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1. Introduction

Plastic is one of the most popular construction materials today. Its annual global
production is counted in hundreds of million tons [1–4]. The scale of plastic use results in
significant environmental pollution, which has been a large problem for many years [3,5–7].
Nevertheless, it is predicted that global plastic production may even double in the next
15–20 years, which may lead to inefficiencies in plastic waste disposal and recycling
mechanisms [8–10]. Potential opportunities to reduce the scale of the problem are seen,
inter alia, in the assumptions of a circular economy, mechanisms for reduction of plastic
consumption, and in industrial scale popularization of biopolymers and biocomposites
based on biopolymer matrix [8,11–17].

Biopolymers are mainly materials capable of biodegradation in environmental condi-
tions with participation of microorganisms, as this term is also used for non-biodegradable
polymers obtained from substrates of natural origin [18–20]. The kinetics of polymer
degradation depends mainly on the chemical structure of macromolecules, which trans-
lates into their thermal resistance, chemical activity, or resistance to oxidation or action
of acids, bases, and enzymes. The chemical structure of a polymer will therefore directly
affect its susceptibility to degradation caused by various external factors [21–26]. Depend-
ing on the sensitivity of the material to the particular stimulating factors, other types of
degradation are distinguished in addition to microbial biodegradation. These include
thermal degradation at elevated temperatures, mechanical degradation caused by long-
term stress, oxidative degradation in oxygen-containing atmospheres, photodegradation
caused by light rays, hydrolytic degradation at high humidity, corrosion caused by the ac-
tivity of chemical substances, and the effect of high-energy electromagnetic radiation (e.g.,
UV) [20,27–30]. The above-mentioned physical and chemical factors lead to irreversible
changes in the material structure, such as a change in the proportion of the crystalline phase
or decomposition of macromolecules into shorter chains, and consequently, also to changes
in mechanical and physical properties [31–34]. These changes can be manifested, e.g., by an
increase in the stiffness and brittleness leading to the fragmentation of material and an in-
crease in the surface area affected by external factors, but also by a loss of mass or a change
in the colour and roughness of the surface [35–39]. Therefore, the activity of physical and
chemical agents significantly accelerates the degradation process of biopolymers increasing
the specific surface area of their influence by fragmentation of the material. However, the
actual process of degradation and mineralization of biopolymers to simple substances such
as water, carbon dioxide, and inorganic compounds takes place primarily through the activ-
ity of microorganisms [28,29,37,40–42]. Different biopolymers have different susceptibility
to degradation agents and different degradation rates [43]. Water-soluble biopolymers,
such as poly(vinyl alcohol) or starch-based plastics, will degrade most rapidly in an aque-
ous environment [44–46]. Some polymers, with adequate moisture content, biodegrade
relatively quickly at room temperature or slightly higher by incubation with mesophilic
bacteria. The latter include polyhydroxyalkanoate and polyhydroxybutyrate [47,48]. There
is also a group of biopolymers that require appropriate conditions for proper and quick
biodegradation process. Such factors may include the appropriate level of humidity, the
presence of specific strains of bacteria and the pH that is adequate for them, or an elevated
temperature corresponding to thermophilic microorganisms. Examples of such biopoly-
mers include polycaprolactone, polylactide, and poly(butylene succinate) (PBS) [37,49–53].
Resistance to external factors has a direct impact on the choice of biopolymer for specific
applications and the life cycle of polymer products [54–56].

The life cycle encompasses all stages related to the presence of a given product on the
market, from designing, manufacturing, exploitation, and management of waste generated
during its use. The duration of each stage varies depending on the type of product and
the material used [54–58]. In the case of polymeric materials of petrochemical origin, the
landfilling stage of waste management, the process of natural decomposition of polyolefins,
for example, takes up to several hundred years. This is a direct cause of the ever increasing
environmental pollution from plastic waste [59–61]. The use of biodegradable polymers,
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especially those that degrade under conditions other than their operating conditions, al-
lows the situation to be reversed. Under standard conditions, Poly(butylene succinate)
can be exploited for a long time, and when directed to composting under conditions
stimulating biodegradation, it decomposes within a few months [52,62]. This in combina-
tion with mechanical properties comparable to polyolefins as well as good processability
and thermal resistance make PBS an attractive alternative for polymers of petrochemical
origin [63–65]. However, PBS has a multi-stage and relatively complex manufacturing
process, which at the same time is very expensive, drastically increasing the price of PBS
as a raw material [64,66–69]. In addition, running such complex production processes on
an industrial scale cannot be done without an environmental footprint [70,71]. Therefore,
despite the biodegradability of PBS, it is justifiable to apply mechanisms to minimize
the consumption of raw materials and energy during manufacturing, both ecologically
and economically. This is done, among others, by filling PBS with lignocellulosic fillers
(LCF) of natural origin, which are most often technological wastes from food and agri-
cultural industry. This reduces the consumption of expensive plastic while using waste
from other economic sectors [72,73]. Examples of such waste fillers used to produce PBS
matrix biocomposites include ground rice husks [74], wheat bran [75], pistachio [76] and
peanut shells [77], almond kernels [78], or even wine lees [79], as well as apple [80], and
grape pomace [81]. The presence of LCF significantly modifies the physical, mechanical,
thermal, and processing properties of such compositions [72,82–84]. In addition, due to
their chemical structure, LCFs display hydrophilic character and are much less resistant to
physical and chemical factors and microbial activity compared to PBS or other polymeric
materials [85,86]. This may be a limiting factor, resulting in a shorter life cycle for products
made from PBS/LCF biocomposites and a reduced spectrum of potential applications,
but also imply simplified disposal through accelerated biodegradation. Therefore, when
designing new composite systems and using new types of fillers, it is important to know the
full characteristics of the material, taking into account processability, physical, mechanical
and thermal properties, chemical resistance and resistance to ageing, as well as kinetics
and course of biodegradation.

In spite of numerous papers dealing with biodegradable polymeric materials, the cur-
rent literature lacks studies on the characterization of PBS-based biocomposites with a filler
in the form of raw wheat bran (WB). A biocomposite with such a composition undergoing
natural decomposition is the subject of a patent [87] and constitutes a completely new ma-
terial. Consequently, the results of testing the resistance of PBS/wheat bran biocomposites
to external factors presented in this paper are a scientific novelty and, at the same time, will
be helpful in determining the spectrum of applications of the new biocomposite. The aim
of this work was to evaluate the influence of wheat bran content in the range 10–50 wt.%
and extruder screw speed in the range 50–200 min−1 during the production of composite
pellets on the resistance of the manufactured biocomposite injection mouldings to chemical,
biological, and physical factors. Changes of selected structural, thermal, mechanical, and
optical properties of biocomposites, which occurred as a result of artificial ageing, were
also evaluated.

2. Experimental Procedures
2.1. Test Stand

Injection moulding of the biocomposite was carried out using an Arburg Allrounder
320 C (Arburg, Lossburg, Germany) screw injection moulding machine equipped with a
dual cavity mould to produce specimens for strength testing. The shape and dimensions
of the samples were in accordance with ISO 294-1:2017-07 [88]. The specimens were
dog-bone-shaped with a total length of 150 mm and a thickness of 4 mm; the width of
the measuring part was 10 mm, and the grip part was 20 mm. Due to the danger of
thermal decomposition of biocomposite components, low temperatures were applied
during processing. The temperature of the plasticizing system was 30 ◦C in the feed zone,
and in the individual heating zones: I—125 ◦C, II—145 ◦C, III—155 ◦C, IV—160 ◦C, and
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the injection nozzle temperature was 155 ◦C. The temperature of the thermostated mould
was 25 ◦C. The injection of the biocomposition was performed at the following settings:
maximum injection pressure 120 MPa, polymer flow rate 20 cm3/s, packing pressure
110–80 MPa, packing time 15 s, and cooling time 20 s. In the case of the highest bran
fraction of 50% (DOE layout 8), the injection pressure was increased to 130 MPa and the
packing pressure to 120–80 MPa, which made it possible to eliminate incomplete filling of
mould cavities, occurring at lower values of these parameters.

2.2. Materials

The prepared test samples were based on employing as matrix PBS with the trade
name BioPBS FZ91 PB [89], manufactured in the form of pellets (PTT MCC BIOCHEM
CO., LTD, Bangkok, Thailand). It was synthesized using bio-based succinic acid and
1,4-butanediol. This material is intended for manufacturing general-purpose products via
injection moulding.

Wheat bran (WB), i.e., wheat grain shells, is a process waste product from the refining
of white flour. It comes in the form of thin flakes with dimensions up to a few mm and
was obtained from a local mill near the city of Lublin (Poland). WB is primarily composed
of fibrous substances such as cellulose, lignin and hemicellulose, but includes phytic acid,
oligosaccharides, non-starch polysaccharides, as well as fats and proteins [90,91].

2.3. Research Programme and Methodology

Experimental tests were carried out according to the adopted design of experiment
(DOE), the experimental layouts of which are shown in Table 1. The following independent
variables—adjustable conditions of the process—were assumed: mass content of wheat
bran introduced into poly(butylene succinate) u = 10–50 wt.% and extruder screw speed
n = 50–200 min−1 when obtaining processed biocomposite pellets. A detailed characteriza-
tion and analysis of the twin-screw extrusion process of biocomposite pellets was presented
in a previous paper [75]. Measurements were made in at least five replicates. PBS and its
composites with bran containing 10% (3), 30% (5), and 50% (4) of biofiller obtained at the
same screw speed and the composites containing 30% of biofiller, but obtained at n equal
to 50 min−1 (1) and 200 min−1 (2) were selected for the tests. Such a choice of test samples
allows us to consider the influence of the biofiller content and n parameter on the values of
tested parameters.

Table 1. Experimental design.

Experimental
Design Layout

n,
min−1

u,
%

1 50 30.0
2 200 30.0
3 125 10.0
4 125 50.0
5 125 30.0

6 PBS - 0

Experimental tests of injection mouldings made of polymer compositions, prepared
according to DOE, were carried out and involved:

• Performing accelerated ageing test in Xenotest Alpha+ accelerated ageing chamber
(Atlas, Chicago, IL, USA). The test lasted 1000 h, the samples were irradiated with a
xenon lamp emitting radiation imitating solar radiation. The irradiance of 60 W/m2

and the daylight filter system were used. The temperature in the chamber was kept
at 38 ◦C, humidity 50%. During irradiation, the samples were sprayed with distilled
water for 18 min every 102 min. The measurement conditions were in accordance with
the standard: ISO 4892-2:2013 [92]. Before and after the test, and for selected tests also
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during the test, the following properties, which are the determinants of resistance to
artificial ageing, were measured:

◦ The infrared spectra (FTIR) analysis of the samples. The accelerated ageing
test was stopped for 10 min each time at 250, 500, and 750 h in order to obtain
the FTIR spectra of the test samples. The used parameters of the ageing test
allow us to assess the behaviour of composites in artificial weathering condi-
tions. The FTIR of tested samples were taken using Tensor 27 spectrometer
(Bruker, Germany) equipped with ATR (attenuated total reflectance) module
with diamond crystal. The FTIR spectra were recorded from 600 to 4000 cm−1

with 32 scans per spectrum and the resolution of 4 cm−1. The infrared carbonyl
stretching region was deconvoluted into the Gaussian curves using OPUS
7.0 software;

◦ Differential scanning calorimetric (DSC) studies were performed on DSC 204
F1 Phoenix (NETZSCH, Günzbung, Germany) working with the NETZSCH
Proteus software, in accordance with standard ISO 11357-1:2016 [93]. Each
measurement was carried in three cycles: heating from −150 ◦C to 140 ◦C
with heating rate of 10 K/min (I heating), cooling from 140 ◦C to −150 ◦C
with cooling rate of 10 K/min, heating from −150 ◦C to 140 ◦C with heating
rate of 10 K/min (II heating). Samples with mass about 10 mg were analysed
in closed pierced aluminium pans in argon atmosphere with flow rate of
25 mL/min. Parameters such as melting enthalpy (∆Hm), melting temperature
(Tm), crystallization temperature (Tc), glass transition temperature (Tg), and
crystallinity degree (Xc) were calculated based on the obtained thermograms.
The Tg value was adopted as the inflection point of the DSC curve in the area
of the glass transition. The Xc parameter was calculated from the equation:

Xc =

(
∆H

(1 − u)× ∆H100%

)
× 100% (1)

assuming that for pure PBS, ∆H100% = 110.3 J/g [94];
◦ Measurements of transverse shrinkage, determined as the percentage difference

in linear dimension of the specimen before accelerated ageing and after the
completed accelerated ageing cycle. Recommendations were applied from the
standard ISO 294-4:2018 [95];

◦ Thermogravimetric analysis was performed in synthetic air with the use of STA
449 F1 Jupiter (Netzsch, Günzbung, Germany) coupled with FTIR TENSOR 27
spectrometer (Bruker, Germany). The measurement conditions were as follows:
temperature range of 40–800 ◦C, heating rate 10 K/min gas flow 25 mL/min,
and sample mass approximately 10 mg. Samples were analysed in Al2O3
opened crucibles;

◦ Colour measurement of samples according to ASTM E308 [96], for which X-Rite
Ci4200 spectrophotometer was used. The colour is described in the CIELab
system, where it is specified in L*, a*, b* space. Parameter a describes the colour
from green (negative values) to red (positive values), parameter b—the colour
from blue (negative values) to yellow (positive values), and parameter L is
the luminance—brightness, representing the grey scale from black to white
(value 0 corresponds to black and 100 to white). The difference between two
colours—two points in the three-dimensional space L*, a*, b*—is described by
the relation:

∆E =
√

∆L2 + ∆a2 + ∆b2 (2)

in which: ∆L, ∆a, and ∆b denote the difference in colour parameters between
the compared samples, respectively.

◦ The roughness parameters of samples before and after ageing were given on the
basis of results obtained from the optical profiler Contur GT (Bruker, Karlsruhe,
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Germany). Average roughness parameter (Ra) was calculated in accordance
with ASME B46.1 [97], with the use of Vision 4.20 software. Measurements were
performed at room temperature, the area of 156 µm × 117 µm was scanned in
three different places for each sample. After the accelerated ageing test, the
exact same sections of the surface of the samples were analysed.

◦ Measurement of the surface gloss of the samples using an X-Rite Ci4200 spec-
trophotometer (X-Rite, Grand Rapids, MI, USA), performed in accordance
with ISO 2813:2001 [98] at the 60◦ image slit opening angle for the light source
and receiver.

◦ Weight loss measurements, determined as the percentage difference between
the initial weight of dry samples and the weight of dry samples after completion
of the accelerated ageing cycle;

◦ Hardness test using ball indentation method. The measurement was carried
out in accordance with ISO 2039-1:2004 [99] using an HPK 8411 hardness tester
with a ball-shaped indenter of 5 ± 0.025 mm diameter.

◦ Shore D hardness test was performed as per ISO 868:2003 [100] with the use of
Shore durometer model ART.13 by Affri System (Induno Olona, Italy) with a
cone-shaped indenter with a rounded tip.

• Assessing the absorption of polar and non-polar fluids. The tested biocomposite sam-
ples were completely immersed in water and vegetable oil for 7 days. The percentage
difference in mass and linear dimensions after immersion and before immersion in
the fluid was then specified to determine the values of fluid absorption and swelling.
The test procedure was in accordance with ISO 175:2010 [101];

• The chemical resistance of PBS and its biocomposites was assessed in 1 M solution of
NaOH and 1 M solution of HCl at room temperature. The test consisted in placing
the samples (10 mm × 10 mm × 4 mm) dried to constant weight in glass bottles
containing the above-mentioned solutions. The samples were taken out from solutions
at specified intervals, dried on blotting paper and then weighed. The percent change
of the mass was calculated according to the equation:

mass change(%) =
(m − m0)

m0
× 100% (3)

where m is the final mass of the sample; m0—is the initial mass of the sample.
• Laboratory biodegradation tests conducted under controlled conditions as per ISO

20200:2015 [102]. Samples were placed in separate polypropylene bioreactors filled
with commercially available compost from a local waste management facility. Then
the bioreactors were placed in a climate chamber with a temperature of 58 ◦C and air
humidity of 60%. At the intervals specified in the standard, water was replenished in
the bioreactors and the compost was homogenized. After fixed incubation periods
of 7, 14, 21, 28, 42, 56, and 70 days, respectively, the samples were extracted, washed,
dried to constant weight, and weighed. On the basis of mass measurements, its loss
was determined, which is an indicator of biodegradation rate.

3. Results

The results of the study were statistically processed in STATISTICA 13. The ANOVA
variance analysis was used to determine if there were significant differences between
the compared results. Before performing the above, the required assumptions such as
normality of distribution of variables and homogeneity of variance were checked. Non-
parametric test was applied where the variables did not meet the condition of normality
of distribution. When these analyses confirmed the presence of statistically significant
differences, Tukey’s multiple comparisons test was then performed. This test, called the
post-hoc test, facilitates grouping of means and separation of homogeneous groups. The
significance level of p = 0.05 was adopted in the applied analyses. The results obtained
are presented in the form of graphs, where the mean values are marked together with
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the standard error. For most of the properties under study, the influence of both variable
parameters, i.e., bran content u, and extruder screw speed n, was presented separately
on graphs.

3.1. Accelerated Artificial Ageing
3.1.1. Chemical Structure

The total residence time of the samples in the ageing chamber was 1000 h, but the
samples were subjected to FTIR analysis several times during the study at specific time
intervals. FTIR spectra of PBS before and after ageing are presented in Figure 1, whereas
FTIR spectra performed in successive hours of the ageing test for the composite containing
the highest percentage of bran—sample number 4—are shown in Figure 2. The course
of the spectra obtained before and after ageing is different for both PBS and composite 4.
These differences are due to the structural changes that occurred in the samples as a result
of artificial weathering. Figure 2 shows that the structural changes in composite 4 occurred
already after the first 250 h of the composite’s stay in the ageing chamber, for the other
tested materials the changes occurred in a similar way. Analysis of the FTIR spectra shows
that the intensity of the absorption bands at 1262–1227 cm−1, which originate from the
asymmetric stretching vibration of the C–O–C group, and the band at 991 cm−1 (in the
composite) and 986 cm−1 (in PBS) originating from the vibration of the chain backbone
have clearly decreased. Additionally, as the accelerated ageing test progresses, an increase
in the intensity of the absorption bands at 1153 cm−1 and 1329 cm−1 corresponding to
the symmetric stretching vibrations of the C–O–C group is observed, as well as a marked
decrease in the intensity of the band at 1713 cm−1 originating from the vibration of the
C=O group compared to the band at 1153 cm−1. On this basis, one may conclude that the
effects of UV radiation, elevated temperature, and water result in structural changes in
PBS within the ester bond. Several different mechanisms of PBS chain cleavage have been
proposed in the literature; among them, α-hydrogen abstraction leading to the formation of
carboxylic and aldehyde groups via hydroperoxides; the Norrish I of chain cleavage leading
to carboxyl, aldehyde and ether groups; the hydroxyl end groups oxidation leading to car-
boxyl groups and β-hydrogen abstraction resulting in unsaturated compounds [103–105].
Analysis of the FTIR spectra of the composites after ageing indicates that the first three
mentioned photodegradation mechanisms may have taken place. However, the lack of
absorption bands from C=C unsaturated groups in the spectra excludes the possibility of
β-hydrogen chain scission reaction. Moreover, considering the region of the spectra of PBS
and composite 4 in the vibrational range of the C=O carbonyl group, it is apparent that this
band consists of at least two overlapping bands: with a maximum at about 1714 cm−1 and
with a maximum at about 1732 cm−1. It is assumed that the structure of semicrystalline
polymers can be described by a three-phase model including mobile amorphous fraction
(MAF), rigid amorphous fraction (RAF), and crystalline phase [106,107]. The absorption
bands around 1736 cm−1, 1720 cm−1, and 1714 cm−1 have been assigned to C=O in MAF,
RAF, and crystalline phase of PBS, respectively [106]. Deconvolution of the carbonyl bands
of PBS (Figure 3) as well as composite 4 (Figure 4) demonstrated that they consist of four
bands. Assuming that the band at 1736 cm−1 originates from the amorphous phase, its
percentage of the carbonyl band after PBS ageing increased by 15%, and the percentage of
the band originating from the RAF phase increased by 3%. For composite 4, a 3% increase
in the C=O band contribution of the MAF phase was calculated, but also a 1.5% increase
in the RAF band contribution. For PBS and composite 4, the percentage of C=O bands at
about 1718–1712 cm−1 (assuming that they originate from the crystalline phase) decreased
after ageing by 14% and 6%, respectively. Such calculations may indicate a decrease in the
crystallinity of the samples after the ageing test, but they also contradict the crystallinity
tests performed with the use of the DSC method. It should be taken into account that in
the case of FTIR spectra of the samples after ageing, the carbonyl band may have changed
not only due to changes in the crystallinity of the samples but also due to decomposition
processes of the ester bond. Such decomposition may have resulted in the formation of
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carbonyl groups, such as aldehyde groups or carboxyl groups, which may have affected
the calculated percentage rates in the C=O band.

Figure 1. ATR-FTIR spectra of PBS acquired before and after ageing test.

Figure 2. ATR-FTIR spectra of biocomposite 4 containing 50% of bran, in ageing test intervals.
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Figure 3. Deconvolution of the carbonyl stretching region of PBS before and after aging (dashed line: resolved peaks, solid
line: recorded spectra).

Figure 4. Deconvolution of the carbonyl stretching region of composite with 50% bran before and after aging (dashed line:
resolved peaks, solid line: recorded spectra).

3.1.2. Differential Scanning Calorimetry

All results obtained from the DSC analysis before and after ageing the samples, includ-
ing glass transition temperature (Tg), crystallization temperature (Tc), melting temperature
(Tm), melting enthalpy (∆Hm), as well as the calculated degree of crystallinity (Xc), are
summarized in Table 2. As can be seen from Table 2, it was not possible to observe the glass
transition temperature for all tested samples during the first heating scan. The structure of
the samples could contain absorbed water and possibly low molecular weight organic com-
pounds formed as a result of the degradation of composites in the ageing test conditions,
which is evidenced by the broad endothermic peak on the DSC curves from the first heating
scan. Therefore, when considering the effect of composition and conditions of preparation
of composites on thermal properties, we relied on the results from the second heating cycle
(Figure 5). The Tg values for neat PBS after ageing increased from −32 ◦C to −27 ◦C. On the
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other hand, no significant change in Tg values after ageing was observed for the composites.
The change in Tg value for pure PBS is related to the increase in the degree of crystallinity of
the polymer after ageing [108]. An increase in crystallinity degree was also observed for the
composites, but due to the presence of bran particles, which separate the polymer chains,
no change in Tg values was observed. Interestingly, the cooling curves show exothermic
peaks originating from crystallization process (Figure 6). In case of PBS and sample 3,
which contains only 10% of filler, two maxima on curves of approximately 77 ◦C and 85 ◦C
are clearly visible, while before the ageing process, only one crystallization temperature
(approximately 86 ◦C) was observed for these materials (Table 2) [109]. This is probably
due to the existence of two types of crystals in the structure of the samples. On the basis of
FTIR spectra, it can be expected that changes in the chemical structure of PBS took place
during ageing, consisting in breaking of polymer chains within ester bonds. This led to the
formation of fractions of the polymer with shorter chains, which have a greater capacity
for mobility and thus increase their ability to form an ordered phase. As a result, this
contributes to lower crystallization temperatures [103]. Moreover, after the ageing process,
a clear increase in the degree of crystallinity is observed not only for PBS and composite 3,
but also for all other composites. FTIR analysis of the chemical structure of the composites
after ageing showed that the polymer chain disintegration reaction occurred in every tested
sample. This resulted in the formation of PBS chains with smaller molar masses, which
are more easily organized into a crystalline phase. On the other hand, amorphous regions
of polymers are more susceptible to degradation than crystalline ones [104,110,111]. The
decomposition of the chains present in the amorphous phase caused their release from the
amorphous region and they could then arrange themselves into crystalline structures. This
ultimately led to an increase in the degree of crystallinity of the samples after ageing, this
increase reaching up to 48% for the composite containing 10% bran. With more bran, the
increase in the degree of crystallinity was not as great due to limitations in chain mobility
caused by the large presence of filler.

The Xc values clearly increased after the ageing process, while no significant changes
were observed in Tm. Only for neat PBS is a decrease in Tm evident compared to Tm before
ageing. In addition, the endothermic peak in the DSC curve originating from the melting of
the crystalline phase after ageing is narrower than for PBS before ageing (Figure 5), without
a broadened arm toward lower temperatures. This is due to the increased crystallinity of
the sample. DSC curves from second heating scan for all tested materials after ageing show
another difference in comparison with curves before ageing (Figure 5). A small endothermic
peak preceding the actual melting peak was observed in the melting temperature region
before ageing, which we attributed to the melting of less perfect PBS crystallites [75].
Previously reported studies on the melting process of semicrystalline PBS also showed
a similar melting behaviour [112–115]. This complex behaviour is explained by melting
recrystallization mechanism, whereby more defective crystals melt at a lower temperature,
then further heating of the sample leads to their recrystallization, fusion and further
melting at a higher temperature. After the composite ageing process, the first melting peak
decreased significantly, which can be attributed to the increase in the degree of crystallinity
of the materials.

Considering the changes in the parameters given in Table 2 before and after ageing
for materials 1, 2, and 5 (obtained at different screw speeds and the same bran content),
changes in the degree of crystallinity of the samples are evident. In each case, the degree
increased; the increase of Xc was consistent with the decreasing value of n. It is clear that
the breakdown of polymer chains into shorter units is responsible for the increase of Xc. In
this case, it can be assumed that the homogeneity of bran distribution in the PBS network
also affects the ageing process of the composites. Composite 2, obtained at the highest
screw speed, shows the most homogeneous distribution of the biofiller in the PBS matrix
among samples 1, 5, and 2 [75]. In its case, the increase of Xc after ageing is only 12%,
while sample 1, obtained with the smallest n, showed an increase of Xc by 45%. The shorter
polymer chains of PBS, formed by ageing of the samples, have a greater ability to rearrange
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into crystalline structures, and the bran acts as a nucleating agent. It can be claimed that
heating the samples above the melting point and cooling again led to an increase in the
homogeneity of the composite structure, and shorter PBS chains formed crystallites in the
vicinity of the bran particles.

Table 2. DSC data for PBS and its composites obtained before (denoted as b) and after ageing (denoted as a).

Sample

Heating I Cooling Heating II

Tg
(◦C)

Tm
(◦C)

∆Hm
(J/g)

Xc
(%)

Tc
(◦C)

Tg
(◦C)

Tm
(◦C)

∆Hm
(J/g)

Xc
(%)

PBS b
PBS a

−25.6
−25.7

121.3
116.3

72.1
94.9

65.4
86.0

86.4
77.6/88.9

−31.7
−27.6

118.5
113.5

66.7
84.4

60.5
76.5

1(50/30) b
1(50/30) a

−31.3
-

118.9
118.5

51.1
71.9

66.2
93.1

82.2
80.3

−32.1
−32.0

116.3
115.3

38.2
55.6

49.5
72.0

2(200/30) b
2(200/30) a

−31.5
-

118.9
117.7

51.7
49.5

67.0
64.1

81.3
81.8

−32.4
−32.2

117.2
116.3

39.4
44.3

51.0
57.4

3(125/10) b
3(125/10) a

−33.3
−26.6

118.8
118.8

63.3
98.2

63.8
98.9

86.4
77.4/85.3

−33.4
−33.5

115.8
115.0

55.3
81.9

55.7
82.5

4(125/50) b
4(125/50) a

−32.5
−15.3

117.6
118.8

39.0
48.1

70.7
87.2

83.3
83.8

−32.5
−32.4

116.6
116.6

30.6
35.3

54.5
64.0

5(125/30) b
5(125/30) a

−31.4
-

118.0
117.7

41.9
65.5

54.3
84.8

79.6
82.5

−32.3
−31.5

118.2
114.7

38.8
49.8

50.3
64.5

Figure 5. DSC thermograms of the second heating scans for PBS and composites obtained before and after ageing.
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Figure 6. Cooling curves for PBS and its composites obtained after ageing.

3.1.3. Transverse Shrinkage

The effects of the bran content by weight in the polymeric composition and the screw
speed during its manufacturing on the transverse shrinkage of the moulded parts as a result
of ageing are shown in Figure 7. The values of transverse shrinkage of mouldings made of
PBS and polymer compositions, resulting from ageing, were relatively small and ranged
from 0.05% to 0.35%. Post-hoc tests of the obtained results showed that as a result of ageing
the transverse shrinkage of mouldings with 10% and 30% bran content is comparable and
also significantly higher than that of samples made of PBS alone and of compositions with
50% bran content, which also do not differ significantly from each other. The effect of screw
speed on shrinkage proved significant when increased from 50 min−1 to 125 min−1. When
the screw speed was further increased to 200 min−1, the shrinkage remained unchanged.

Figure 7. Transverse shrinkage of mouldings due to ageing as a function of bran mass content and
extruder screw speed.

The observed changes in the linear dimensions of the samples are directly related to
the effect of PBS degradation due to ageing and the increase in the degree of crystallinity.
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During injection moulding, the samples undergo processing shrinkage, which is caused
partly by thermal expansion effects, but mainly by the crystallization process. In a previous
work [75], p-v-T studies showed that the crystalline phase of PBS has a significantly lower
specific volume than its amorphous phase, which significantly affects the processing
shrinkage values [109]. Arrangement of polymer chains into crystalline structures is a
long-term process and although the largest increase in shrinkage is observed during cooling
immediately after processing, small changes in linear dimensions can still be observed for
several months [116]. The decrease in molecular weight of PBS due to ageing facilitates
the rearrangement of macromolecules by increasing the degree of crystallinity, and the
greater the degree of crystallinity, the greater the shrinkage of PBS [117]. Moreover, it was
also shown that the filler particles act as a promoter of crystallization. This means that the
arrangement of the crystalline phase occurs around the filler particles and the resulting
volume loss exerts compressive stresses on them, which would further affect the shrinkage
value [118,119]. At lower filler contents, the crystalline regions around the WB particles will
be larger, whereas at 50% content, there will be more crystallization nuclei, but with smaller
sizes, as the presence of filler will also limit the mobility of macromolecules [120,121].

3.1.4. Thermal Resistance

The thermal resistance of PBS and its composites after artificial ageing was tested in
an oxidizing atmosphere. Figure 8 shows TG and DTG curves collected into two groups,
depending on the amount of bran in the composite and depending on the extrusion process
conditions. Table 3 shows the parameters characterizing the thermal resistance of the
discussed materials examined before and after the ageing test. From the data presented, it
is evident that artificial ageing altered the thermal resistance of PBS and composites. The
course of TG and DTG curves obtained after ageing for composite samples is similar to
the course of these curves before ageing [111]. The DTG curves still show three distinct
peaks with maxima around 300 ◦C, 390 ◦C, and 480 ◦C. They suggest that the thermal
decomposition of the composites proceeded in three stages. However, the Tmax1 and Tmax2
values are slightly shifted towards lower temperatures compared to the pre-ageing values.
The situation is a little different for PBS. Before ageing, it underwent thermal decomposition
in a two-stage process, while after ageing, an additional peak at about 300 ◦C appears on
the DTG curve. This coincides with the first peak in the DTG curves for composites and
corresponds to a mass loss of almost 9%. Therefore, it can be concluded that the structural
fragments formed during the ageing of PBS are decomposed at about 300 ◦C; these are most
likely short chains of PBS formed by photochemical degradation, terminated by carboxyl
groups. The temperature taken as the onset of sample weight loss, T5%, decreased after
ageing for all composites and PBS. The smallest decrease was observed for PBS, while the
largest for composite 4 containing 50% bran. It is likely that artificial rain during the ageing
process led to partial hydrolysis of the carbohydrate components of the bran. Similarly,
the T50% values after ageing also decreased slightly compared to the values before ageing.
We have previously demonstrated that the composites experienced bran degradation in
the first stage of thermal decomposition (at Tmax1) [76,110]. After ageing, given the weight
loss for pure PBS, one might expect that this step is also related to the breakdown of the
polymer, not just the bran.

FTIR analysis of the gaseous degradation products of the samples allows us to infer the
possible mechanism of their thermal degradation. Figure 9 shows 3D FTIR diagrams of the
gas decomposition products of PBS and composite 4, while Figure 10 shows FTIR spectra
at emission maxima. On the spectrum collected at the first stage of PBS decomposition at
300 ◦C, low intensity absorption bands are visible at 1812 cm−1, originating from vibrations
of C=O group, at 1055 cm−1 (vibrations of –C–O–C– groups) and at 907 cm−1 (vibrations of
carboxyl group) as well as bands in the range 2980–2880 cm−1 characteristic for vibrations
of methyl and methylene groups. These are absorption bands characteristic of succinic
acid and butane-1,4-diol in the gas phase [122,123]. In addition, carbon dioxide (absorp-
tion bands at 2359–2310 cm−1 and 669 cm−1) and water (broad bands at approximately
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4000–3500 cm−1 and 1800–1300 cm−1) were observed. These bands suggest that thermal
decomposition of PBS after ageing starts with hydrolysis of ester bonds leading to release
of succinic acid and butane-1,4-diol and is accompanied by oxidation process evidenced by
the release of CO2 and water. On the spectrum collected at 312 ◦C for composite 5, mainly
absorption bands from carbon dioxide, carbon monoxide (2180 and 2114 cm−1) and water
are present. In the vibration region of the carbonyl group around 1812 cm−1, a band of
negligible intensity can be found. The FTIR spectra for all composites look similar. Thus,
oxidation processes are the main ones that take place in their case. However, at the second
stage of decomposition, at a temperature about 390 ◦C, absorption bands characteristic for
succinic acid and butane-1,4-diol are observed on the spectra of the composites, indicating,
besides the dominant oxidation process, also polyester hydrolysis. The spectrum of PBS in
the second decomposition stage is similar to that of composites. On the other hand, only
absorption bands from water and carbon dioxide resulting from oxidation processes are
present in the spectra of both PBS and composites in the last stage of decomposition, at
temperatures around 480 ◦C.

Figure 8. TG and DTG curves for PBS and its composites obtained after ageing.
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Table 3. Parameters characterizing the thermal resistance of PBS and its biocomposites before (denoted as b) and after
ageing (denoted as a), obtained based on thermogravimetry (TG) and derivative thermogravimetry (DTG) curves.

Sample T5%
(◦C)

T50%
(◦C)

Tmax1
(◦C)

∆m1
(%)

Tmax2
(◦C)

∆m2
(%)

Tmax3
(◦C)

∆m3
(%)

Rm
(%)

bran 201 303 296 68.0 - - 459 29.7 2.3
PBS b
PBS a

307
297

386
384

-
300

-
8.9

395
394

97.9
88.6

463
477

2.0
2.4

0.1
0.1

1(50 30) b
1(50 30) a

274
260

380
376

303
300

20.5
20.5

392
389

70.3
71.1

476
476

9.1
8.2

0.1
0.2

2(200 30) b
2(200 30) a

276
259

379
375

303
301

20.1
21.8

390
388

70.0
71.1

476
476

9.7
7.1

0.2
0.0

3(125 10) b
3(125 10) a

299
288

383
382

303
301

8.5
9.5

391
388

87.0
85.1

475
478

4.5
5.3

0.3
0.1

4(125 50) b
4(125 50) a

261
231

372
369

300
302

31.5
33.5

386
387

53.5
52.0

462
469

14.7
14.2

0.3
0.3

5(125 30) b
5(125 30)

274
260

381
377

303
300

19.8
20.5

391
388

71.1
70.4

476
476

9.0
9.1

0.1
0

Figure 9. 3D-FTIR diagrams of gaseous degradation products of (A) PBS and (B) composite 4 (containing 50% w/w of bran).

3.1.5. Colour

The results of the measurement of L, a, b colour parameters before and after ageing
of the mouldings made of the polymer compositions under study are shown in Figure 11.
For comparative purposes, the Figure 11 presents also the results obtained for mouldings
made of PBS alone without the addition of bran. As a result of ageing, the smallest colour
change among the studied samples was observed in mouldings made of PBS alone. The
calculated value of ∆E was 3.9, which allows us to define the colour change as distinct
(3.5 < ∆E < 5). As a result of ageing, the colour of PBS mouldings changed toward blue
shade—mainly decrease in b parameter, with negligible changes in a and L parameters.
The effect of ageing on the change of the colour of mouldings produced from compositions
containing bran was clearly greater. At bran content as low as u = 10%, the colour change
amounted to ∆E = 7.8, which allows us to classify it as high (∆E > 5). For samples of
compositions with higher bran contents u = 30% and 50%, the colour change was even
greater and amounted to ∆E = 23.3 and 36.9, respectively. It has been observed that as a
result of the ageing process the colour of the mouldings made of compositions containing
bran changes toward blue and green shades (parameter b and a decrease, respectively) and
simultaneously the mouldings become lighter/faded, which is evidenced by an increase
in the luminance value L. These changes intensify with increasing bran content in the
composition. However, no significant influence of the extruder screw speed during the
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preparation of the composition pellets on the colour of the mouldings produced from it as
well as on the colour difference between them after ageing was found.

Figure 10. Extracted in maxima of emission FTIR spectra of gaseous degradation products of (A) PBS
and (B) composite 4 (containing 50% w/w of bran).

Comparison of the mouldings before ageing showed that with increasing bran content
their colour changes toward blue shades and darkens, the b parameter decreases and
the luminance L decreases. These differences are large and in the case of increasing bran
content from 10% to 30%, they are ∆E = 12.8 and ∆E = 15.7 when bran content is increased
from 10% to 50%.

The obtained colour changes for PBS samples containing wheat bran are directly re-
lated to the degradation of the main WB building blocks, namely lignin and cellulose. The
key to the course of their degradation is the simultaneous use of UV irradiation and water
spraying in the chamber. Lignin itself shows hydrophobic nature and is quite resistant to
degradation in water and solutions of weak concentrations [86,124]. However, it shows
susceptibility to photodegradation by radiation activity, especially in the presence of water
and at elevated temperatures. Depolymerisation of lignin exposes cellulose, which exhibits
a hydrophilic nature and significantly increases surface wettability. The presence of water
causes swelling of filler grains enabling deeper penetration of radiation and simultaneously
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accelerates oxidation reaction being the effect of photodegradation [125,126]. In addition,
the vast majority of chromophores in lignocellulosic materials is located in lignin macro-
molecules; therefore, its decomposition will show a significant effect on colour loss [127].
Moreover, cyclic water spraying in the ageing chamber causes mechanical leaching of ligno-
cellulose degradation products and exposure of PBS surfaces or deeper WB fragments [126].
Degradation of filler grains and their removal from the surface of samples as a result of
ageing causes a shift in the colour parameters of biocomposites towards the colour of neat
PBS. The above analysis is confirmed by the surface appearance of the samples before
and after ageing. Figure 12 clearly shows that the fading is focal, and the number of focal
spots increases with increasing filler content, covering virtually the entire surface of the
composite containing 50% WB.

Figure 11. Variation of L, a, b colour parameters before and after ageing of mouldings made of polymer compositions
depending on the bran mass fraction content and processing screw speed.

Figure 12. Surface appearance of tested samples after ageing (a) and before ageing (b).

247



Materials 2021, 14, 7580

3.1.6. Surface Roughness

Optical profilometer tests were employed to observe morphological changes in the
samples before and after the accelerated ageing test. The 3D images of the surface topogra-
phy of the PBS and the composite containing 50% bran before and after the ageing test are
shown in Figure 13. In order to quantify the roughness changes of the materials, the Ra
parameter was calculated, and the results are shown in Figure 14. Neat PBS has the lowest
Ra value, both before and after ageing. As the amount of bran in the samples increases,
the Ra value also increases. The bran particles, which are visible as blue dots in Figure 13,
are responsible for the increase in surface roughness of the composites. Considering the
composites containing 30% bran obtained at different values of n, no significant effect of
this parameter on Ra value was found. A very good homogenization of the composite
components occurred at that speed, thus reducing Ra. After the ageing test, the surface
roughness of the composites increased significantly, and the trend of changes for samples
containing different amounts of bran and obtained at different n is similar to that before
ageing. Interestingly, as the amount of bran increased, the increase in Ra was steeper and
the sample surfaces more heterogeneous, as indicated by the large confidence intervals.
The situation was different for neat PBS. After the ageing test, the topography of its surface
changed slightly.

Figure 13. 3D images of the surface topography of the PBS and the composite containing 50% bran before and after the
ageing test.
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Figure 14. Graph of changes in Ra parameter for PBS and composite containing 50% bran (4) before
and after ageing test.

The unfilled PBS showed the lowest roughness and its surface structure in the form
of longitudinal parallel lines shown in Figure 13 constitutes a mapping of the injection
mould surface structure obtained during machining. Biocomposites containing WB showed
significantly higher roughness. As the filler content increases, the amount of filler particles
localized directly on the sample surface statistically increases, which also increases the
roughness. This is a typical result for PBS matrix composites with powder filler [128,129].
The obtained post-ageing roughness results are consistent with the above analysis of the
colour results, and the obtained course of changes is directly related to the degradation
of the lignocellulosic filler and the mechanical leaching of the products of this degrada-
tion [126].

3.1.7. Gloss

Figure 15 presents the results of gloss measurements of mouldings made of the
polymer compositions under study and of PBS alone. Statistical analyses did not show any
significant influence of the bran content and extruder screw speed during the preparation
of the composite granules on the gloss of the mouldings before ageing. A post-hoc test
indicated only a difference in gloss between the lowest value of 50 min−1 and the highest
value of 200 min−1 (at constant content of 30%). One of the reasons for such outcome is a
large scatter of obtained results especially visible for PBS alone and for compositions with
10% bran content. A statistically significant effect of ageing on the gloss of mouldings was
observed for the 30% bran content. In the case of the lower content of 10% bran and PBS
without its addition, the gloss before and after ageing did not differ significantly.

The gloss value indicates the ability and mechanism of a surface to reflect incident
light in a specular direction. Whether a surface reflects, scatters, or absorbs light depends
on the surface roughness, but also on the heterogeneity of the material and surface. The
presence of the filler, and then also its composition, size, and quality of distribution in the
matrix influence the increase of randomness of light reflection directions and decrease of
gloss values [130,131]. Therefore, the introduction of bran powder, as expected, resulted in
a decrease in gloss value. On the other hand, the decrease in gloss as a result of ageing is a
consequence of the degradation of filler grains located on the surface of the samples, which
increases the surface roughness. Consequently, no difference was observed in the gloss of
unfilled PBS before and after ageing.
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Figure 15. Variation of gloss value before and after ageing of injection mouldings made of polymer
compositions depending on the bran mass fraction content and processing screw speed.

3.1.8. Weight Loss

The largest weight loss after ageing was observed for samples made from PBS alone
and was 1.06% (Figure 16). Introduction of 10% bran into the composition resulted in a
significant decrease in weight loss to 0.31%. Increasing their content caused a successive
increase in the value of weight loss to a maximum of 0.59% at 50% bran content. At the same
time, a significant decrease in weight loss of the samples prepared from the composition
obtained at processing screw speeds higher than 50 min−1 was found.

Figure 16. Weight loss resulting from ageing of injection mouldings made of polymer compositions
depending on the bran mass fraction content and processing screw speed.
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The obtained dependence of weight loss after ageing on bran content remains fully
consistent with previous observations. As the bran content increases, the amount of WB
particles located on the surface statistically increases, with the particles degraded and
washed away during cyclic water spraying [126]. A surprising observation was that the
largest weight loss due to ageing was recorded for unfilled PBS, although a weight loss
of 1% due to accelerated ageing in the chamber for neat PBS was also obtained by other
authors [62]. A potential reason could be that WB particles provided a physical barrier
against radiation [125,126]. Due to the numerous chromophores in its macromolecules,
lignin is responsible for absorbing about 80–95% of the light incident on lignocellulosic ma-
terials, thus it concentrates degradation on the filler present on the sample surface [132,133].
While in unfilled PBS, the entire surface is uniformly exposed to degrading agents. The
profilometer tests did not show any difference in the PBS roughness before and after ageing,
but some reduction in the height difference between the extreme points can be seen in
Figure 13, which may suggest a uniform degradation across the surface. The effect of screw
speed, on the other hand, may be related to intensive shearing and fragmentation of filler
grains occurring at high speeds, which makes their distribution more homogeneous and
the grains smaller [75]. Significantly higher uncertainty of roughness measurements for
composites produced at n = 50 min−1 may suggest a larger dispersion of filler grain sizes.

3.1.9. Hardness

It was observed that the mass content of bran u introduced into the composite had
a significant effect on the hardness of the mouldings, measured using ball indentation
method (Figure 17). Even before the ageing process, 10% of their content caused significant
increase of hardness by 3.9 MPa (8%) in comparison to samples with PBS without their
addition. Increasing the bran content to 30% resulted in a further 24% increase in hardness
compared to PBS. Further increase in bran content to 50% did not cause any significant
changes in hardness. The statistical analyses carried out did not show any significant effect
of the processing screw speed during the composite production on its hardness measured
using the ball pressing method both before and after the ageing process.

Figure 17. Variation of hardness HB through ball indentation method before and after ageing of
injection mouldings made of polymer compositions depending on the bran mass fraction content
and processing screw speed.
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Ageing caused a significant decrease in hardness of samples made from PBS alone by
an average of 4.3 MPa (9%). In the case of 10% bran content, no significant differences were
found in the hardness of the samples before and after ageing. At higher bran contents of
30% and 50%, a significant increase in age hardness by 7.4 MPa (12%), and 6.2 MPa (10%),
respectively, was observed.

The tested samples were also subjected to Shore D hardness tests and the results
obtained are shown in Figure 18. The hardness results obtained before ageing showed no
statistically significant differences for samples with PBS alone and with 10% bran content.
Only 30% and 50% bran content caused a very slight but statistically significant decrease
in hardness by an average of 0.55 oShD (0.8%). As well, in the case of this hardness test
method, no significant effect of the speed of processing screws during the manufacture of
the composition on its hardness before ageing was observed and after ageing a very small
increase in hardness occurred only at the highest screw speed.

Figure 18. Variation of hardness H through Shore D method before and after ageing of injection
mouldings made of polymer compositions depending on the bran mass fraction content and process-
ing screw speed.

Ageing caused a significant increase in Shore hardness of all the samples tested. The
bran content had a significant effect on hardness after ageing for only 10% of its content—a
slight decrease of 1.3 oShD (1.8%) compared to samples with PBS alone and 1.5 oShD (2.1%)
compared to samples with 50% bran content. The other samples were not significantly
different from one another.

The different effect of bran content on pre-ageing hardness for each of the measure-
ment methods used is due to their different characteristics. The ball indentation method
involves deflecting a substantial area of the specimen surface with an indenter. The pres-
ence of the dispersed phase in the polymer matrix increases the stiffness and restricts
the mobility of macromolecules making it difficult to deform [76,77,120]. In the Shore D
method, the exerted load is concentrated over a small area, so that transferring the load
to filler grains with a hardness less than that of the polymer matrix does not produce a
pronounced strengthening effect. Hence, the decrease in hardness in the Shore method at
high filler content.

The increase in hardness after ageing is directly related to the increase in degree of
crystallinity shown by DSC studies. Due to the close arrangement of macromolecules,
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the crystalline phase is characterized by higher density, stiffness, and consequently hard-
ness [75,109]. In the case of the ball indentation method, the strengthening effect after
ageing is only visible from 30% bran content on. This is due to the penetration of the ball
into the outer layer of PBS, which has been degraded by the sum effect of temperature,
moisture, and radiation in the ageing chamber. At higher WB contents, the filler particles
degrade and begin to cover a significant part of the surface, whose hardness is negligible
anyway. In the Shore method, the indenter penetrates the sample to a much greater depth,
where the material may not have degraded significantly, so that a strengthening effect due
to an increase in crystallinity was observed for all samples differing in content.

3.2. Absorption of Polar and Non-Polar Fluids
3.2.1. Water Absorption

The results of the tests of water absorption X from the studied variable factors are
presented in Figure 19. The mass content of bran u introduced in the compositions studied
was found to have a significant effect on the water absorption X of the mouldings. In-
creasing the bran content causes a very large increase in water absorption, which is due
to the hydrophilic properties of bran. According to literature data, water retention cap by
wheat bran is at the level of 4–4.8 g H2O/g, and it may be even higher at a high degree
of fragmentation [134–136]. Additionally, with an increase in WB content, the distance
between adjacent filler particles decreases and the amount of gases, mainly water vapour,
emitted during the processing increases, causing the porosity of the composition. This
creates opportunities for water to penetrate deeper into the sample structure. The greatest
changes, similarly as in the case of the other examined properties, were observed between
the compositions which differed most in the bran content of 10% and 50% (DOE layouts 3
and 4). Then, as a result of increasing the bran content, water absorption X increased by
7.3% (i.e., to 475% of the initial value). Measurements of samples made from PBS alone
showed that their water absorption averaged only X = 0.65 ± 0.01%; thus, the bran is
primarily responsible for water absorption. The results of statistical analyses showed no
significant effect of screw speed on water absorption.

Figure 19. Dependence of water absorption X of injection mouldings made of polymer compositions
on bran mass content and processing screw rotational speed.
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A parameter directly related to water absorption is the change in linear dimensions of
a sample due to absorption of a certain volume of fluid. The relationship describing the
swelling variation SW depending on the bran content in the composition and processing
screw speed during its production is shown in Figure 20. The mass content of bran u
introduced into composition has the greatest influence on this quantity. In this case, the
influence of the extruder screw speed n during the production of the polymeric compo-
sitions under study was clearly smaller, but also statistically significant. Increasing the
bran content in the composition causes a significant increase in SW, which, similarly to
water absorption X, is due to hydrophilic properties of bran. The previously mentioned
ability of bran to retain about 4 g of water per g of bran must lead to a significant change in
volume. The highest increase in SW during the tests, i.e., 1.6% (407% of the initial value),
was obtained by increasing wheat bran content u in the composition from 10% to 50% (DOE
layouts 3 and 4). In contrast, the maximum investigated increase in SW due to increased
screw speed n was only 0.2% (i.e., 27% of the initial value). The probable reason for the
increase in swelling with screw speed n is the fragmentation of soft bran grains due to
the action of intense shear stress arising during extrusion of the composition [75]. The
conducted analyses did not show the presence of interactions between the studied variable
factors. Tests performed on samples made from PBS alone showed that their swelling
averaged only SW = 0.15 ± 0.04%.

Figure 20. Dependence of swelling SW of injection mouldings made of polymer compositions on
bran mass content and processing screw rotational speed.

3.2.2. Oil Absorption

Results the tests of oil absorption Xoil of injection mouldings made of the polymer
compositions under study and of PBS alone are presented on Figure 21. It has been
observed that the highest influence on the oil absorption of the obtained mouldings is
exerted by the mass content of bran u introduced into the composition, but also by the
extruder screw speed n during its production. The influence of the two mentioned variable
factors is linear. The highest increase in oil absorption Xoil during the tests, i.e., 0.11% (87%
of the initial value), was obtained by increasing wheat bran content u in the composition
from 10% to 50% (DOE layouts 3 and 4). In contrast, the maximum investigated increase in
Xoil due to increased screw speed n was 0.05% (i.e., 35% of the initial value). Comparative
measurements of samples made from PBS alone showed that their oil absorption averages
only Xoil = 0.06 ± 0.01%. This means that PBS is a material resistant to vegetable oils, which
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is also confirmed by the studies of other authors [137]. Therefore, it should be assumed
that bran introduced into the composition is mainly responsible for oil absorption, and in
particular, the hydrophobic lignin contained in the filler structure [124].

Figure 21. Dependence of oil absorption Xoil of injection mouldings made of polymer compositions
on bran mass content and processing screw rotational speed.

Due to the low oil absorption values, the resulting swelling also took on very low
values. The highest increase in linear dimensions was observed for composite 4, containing
50% bran, which was 0.25 ± 0.03%.

3.3. Chemical Resistance
3.3.1. Resistance to Acids

Figure 22 shows the weight changes of the samples during the acidic environment
test in 1 M HCl aqueous solution. The observed increase in weight of the samples may
seem surprising. It results from the adopted method of measurement. Usually, the mass of
samples in chemical resistance tests is measured after they have been dried to a constant
mass in an oven. This approach did not work for our study. Drying of the composite
samples, after a one-week stay in acid solution, at 55 ◦C for 48 h, was not sufficient to
achieve constant mass. On the other hand, after 48 h of drying, it was clearly visible
that the bran was thermally decomposed. Therefore, decision was made for the samples
to be dried in a paper towel before weighing them after being removed from the HCl
solution. The mass increases observed in Figure 22 are related to the absorption of the
acid solution by the PBS and composites. The highest weight gain is observed for the
composite containing 50% bran, it decreases according to the decreasing amount of bran in
the composites and reaches the lowest value for neat PBS. This relationship is consistent
with the water absorption results. It results from the susceptibility of bran to swelling and
additionally from the porosity of the samples. In the case of composites, an increase in
weight is recorded up to day 35 of the test, except for the sample containing only 10% bran,
which displays shows an increase in weight for as long as up to day 55. After 55 days of the
samples staying in the acidic solution (after 90 days for sample 3), a progressive weight loss
was noted. After 90 days of testing, the weight loss was the highest for the composite with
50% bran content, and the lowest—with 10% bran content. The change in weight of neat
PBS over the 90 days of the test remained very similar (approximately 0.8%). Therefore,
it can be concluded that the addition of bran to PBS affects the acceleration of chemical

255



Materials 2021, 14, 7580

degradation in acidic solution. The decrease in weight of the composites is mainly related
to the chemical degradation of the bran by acid hydrolysis. Admittedly, PBS belongs to the
polyester group and is susceptible to hydrolysis of the ester bond even in pure water. This
reaction, however, requires an elevated temperature (approximately 75 ◦C) [138,139]. Our
experiment was conducted at room temperature and even the presence of a strong acid
was not sufficient for hydrolysis of neat PBS to occur. The addition of bran susceptible to
hydrolysis caused its decomposition, so that the acid solution could diffuse more easily
into the internal structure of the composites and react with the PBS chains. Considering
the influence of parameter n on the resistance of the composites 1, 2, and 5 in an acidic
environment, it is apparent that it is not as pronounced as the percentage of bran content in
the composites. Composite 5, obtained at a screw speed of 125 min−1, showed the greatest
weight loss between 35 and 90 days, by almost 2%, while for the other two speeds, the
weight loss in this time interval was about 1.5%.

Figure 22. Variation of mass change with hydrolytic degradation time for neat PBS and its composites.

3.3.2. Resistance to Bases

Resistance test of the composites to basic environment in 1 M NaOH aqueous solution
showed that the tested samples are not resistant to strong base solution. The composite
samples containing 30% and 50% bran disintegrated visibly as soon as after the first day of
the test, while the sample with 10% biofiller changed colour and structure, and after another
day it also started to disintegrate visibly (Figure 23). After seven days, all composites had
completely disintegrated in the base solution. Because the samples became sticky and
began to disintegrate early in the test, it was impossible to weigh them. Only the neat PBS
sample was integral for 7 days, after which it showed a 3.5% weight loss. The ester bonds
in PBS are sensitive to base hydrolysis even at room temperature [140,141]. Bran composed
of polysaccharides in the environment of strong bases is easily hydrolysed. As in the case
of the action of the acidic solution, their chemical disintegration, enabled faster diffusion of
the basic solution into the internal structure of the composite and accelerated the hydrolysis
of PBS. In the case of degradation in base solution, only the effect of bran amount on the
stability of the composites could be observed while, due to the fast degradation progress, it
was impossible to notice the effect of the extruder screw speed.
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Figure 23. Images of the samples before and during degradation in base solution.

3.4. Biodegradation in Compost

The effects of the bran content by weight in the polymeric composition and the screw
speed during its manufacturing on the weight loss of the mouldings under controlled
biodegradation in compost are shown in Figure 24. The observed changes in the values of
mass loss depending on the biodegradation time are linear. The lowest weight loss occurred
in samples made with PBS alone and equalled 0.06% per day; after 70 days, the weight of
the samples decreased by an average of 4.5%. The weight loss due to biodegradation of
samples containing bran was significantly higher and increased with the bran content in
the composition. At 10% bran content, it was 0.22% per day, and after 70 days, it averaged
15.1%. At 30% bran content, biodegradation resulted in an average daily weight loss of
0.41% for the three processing screw speeds used during composite production. Changes
in weight loss associated with the speed of the processing screws in the production of
composites were found to be negligibly small. The greatest weight loss occurred at 50%
bran content and averaged 0.9% per day. After 70 days, the average weight loss of these
samples was 68.3%.

The degradation kinetics are significantly different for the tested biocomposites and
unfilled PBS. Degradation of PBS is relatively slow [62]; therefore, it can be expected that
for biocomposites, at least in the initial phase, the degradation mainly involves bran. Due
to its chemical structure, WB is more easily enzymatically hydrolysed than PBS and is
preferred by microorganisms. As the WB content increases, the rate of weight loss increases
significantly with time. This is related to the previously demonstrated high ability of
bran to absorb and retain water due to the presence of numerous hydrophilic chemical
structures. In addition, the bran grains swelling due to water absorption facilitate the pene-
tration of microorganisms accelerating the degradation of WB. Thus, after the biological
decomposition of the filler, the surface of active interaction of water and microorganisms
on PBS macromolecules increases [4,142–144]. The significant increase in biodegradation
kinetics of PBS in compost with increasing lignocellulosic filler content is a typical result
also obtained by other authors [52,94,111,144].
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Figure 24. Weight loss resulting from biodegradation of injection mouldings made of polymer
compositions depending on the bran mass fraction content and processing screw speed.

4. Conclusions

The results presented unambiguously show that the resistance of PBS-based polymer
biocomposites filled with wheat bran to physical, chemical, and biological factors depends
mainly on the mass content of the filler. The effect of manufacturing conditions of the
biocomposite pellets subsequently used for injection moulding of the samples showed
moderate or no effect on the properties under study. Thus, from the economic point of view,
it will be preferable to produce composite pellets with the highest possible efficiency, as the
screw speed in the investigated range does not determine the resistance of the injection
mouldings made of them.

Accelerated ageing resulted in changes in the chemical structure of PBS within the
ester bond, suggesting macromolecular disintegration. DSC tests performed after ageing
showed a significant increase in the biocomposites and PBS degree of crystallinity up to
48%.This phenomenon significantly affects other properties of the tested materials, such as
an increase of 0.05–0.35% in shrinkage and a growth of about 10% in hardness. Significant
colour changes due to lignin photodegradation were also noted, leading to fading of the
samples due to chromophore decomposition. The mentioned filler decomposition was in
turn the reason for the changes in surface roughness, the Ra parameter increased of about
168% for biocomposition containing 50% of bran, and weight loss of about 0.31–0.59%.
Moreover, the thermal stability of tested materials decreased after ageing of 10 ◦C for neat
PBS and of 30 ◦C for the composition containing 50% bran.

The biocompositions under study were characterized by significant water absorption
in comparison with neat PBS. Both X and SW parameters increased with increasing filler
amount reaching for biocomposition containing 50% of bran of about 9% and 2.1%, respec-
tively. The same relationship was observed for vegetable oil absorption. It was on moderate
level, reaching almost 0.25%. It can be concluded that surface grains of lignocellulosic filler,
which are composed of both polar and non-polar macromolecules, are responsible for the
absorption of both polar and non-polar liquids.

Chemical resistance tests showed that PBS is resistant to acidic environment at room
temperature, whereas biocompositions exhibited the mass loss of about 1.5–2% between the
35th and 90th day of test. Nevertheless, samples still retained their integrity after 90 days.
The biocompositions, in contrast to neat PBS, exhibited negligible resistance to strong bases,
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as the samples containing the filler completely lost integrity within seven days. The lack of
the resistance on the alkaline environment should be taken into account when the possible
applications are planned for the compositions of PBS filled with wheat bran.

Biodegradation studies have shown a significant effect of wheat bran content on the
kinetics of degradation of the analysed biocompositions. The most rapid degradation is, of
course, in the bran itself, which is the preferred habitat of microorganisms. Unfilled PBS
degrades relatively slowly under the test conditions; on the other hand, the composition
containing 50% of WB reached 68% disintegrability after 70 days of incubation. Such high
disintegration indicates that proposed biocompositions are compostable, which is very
advantageous from an environmental point of view.
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Abbreviations

PBS Poly(butylene succinate)
WB Wheat bran
UV Ultraviolet
LCF Lignocellulosic filler
u Wheat bran content
n Extruder screw rotational speed
FTIR Fourier transform infrared (spectroscopy)
DSC Differential scanning calorimetry
Xc Degree of crystallinity
∆Hm Melting enthalpy
Tm Melting point
Tc Crystallization temperature
Tg Glass transition temperature
TG Thermogravimetry
DTG Derivative thermogravimetry
T5%, T50% Temperature of 5% and 50% of mass loss
Tmax Temperature of the maximum rate of mass loss
∆m Mass loss corresponding to Tmax
Rm Residual mass
L* Luminance/brightness
a* Colour from green to red
b* Colour from blue to yellow
∆E Difference between the two colors
Ra Average roughness parameter
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Ejc Specific energy consumption
p-v-T Relationship between pressure p, specific volume v and temperature T
HB Ball indentation hardness
H Shore D hardness
X Water absorption
SW Swelling
XOil Oil absorption
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Abstract: Laser-based technologies are extensively used for polymer surface patterning and/or
texturing. Different micro- and nanostructures can be obtained thanks to a wide range of laser types
and beam parameters. Cell behavior on various types of materials is an extensively investigated
phenomenon in biomedical applications. Polymer topography such as height, diameter, and spacing
of the patterning will cause different cell responses, which can also vary depending on the utilized
cell types. Structurization can highly improve the biological performance of the material without
any need for chemical modification. The aim of the study was to evaluate the effect of CO2 laser
irradiation of poly(L-lactide) (PLLA) thin films on the surface microhardness, roughness, wettability,
and cytocompatibility. The conducted testing showed that CO2 laser texturing of PLLA provides the
ability to adjust the structural and physical properties of the PLLA surface to the requirements of the
cells despite significant changes in the mechanical properties of the laser-treated surface polymer.

Keywords: poly(L-lactide); laser irradiation; surface enhancement; micromechanical properties; cytotoxicity

1. Introduction

Poly(L-lactide) (PLLA) is one of the more technologically advanced polymers. High product
purity and high polymer biocompatibility are especially important for medical applications.
Polymeric materials based on PLLA are often used for the production of, among others,
bioresorbable screws, surgical sutures, vascular stents, and bone scaffolds [1–3]. Some medical devices,
such as bone scaffolds, are complex structures of small geometrical dimensions, whose shaping by
conventional methods, e.g., by injection or mechanical micromachining, is technologically challenging.
The assumptions made at the design stage concerning the accuracy of execution of small-scale
components cannot always be achieved using conventional processing methods.

The interaction of cells with the surfaces of biomaterials is a complex phenomenon that depends on
many factors. The properties of an implant surface, including roughness, topography, and wettability
directly affect tissue cells and must be adjusted to their mechanobiology [4–6]. The hydrophobic nature
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of PLLA [7–9] and its low surface roughness [10] adversely affect the adhesion of cells to the surface
of the material [11], hence it is necessary to modify its surface properties. One of the possible ways
of adjusting the material to cell preferences is to modify only its topography [4,5,12,13] without the
need to interfere in the chemical bulk composition of the polymer. Technologies based on material
processing with a laser beam are an excellent solution, enabling selective surface structuring of even
very geometrically complex objects, regardless of their dimensions [12,14,15]. One way to structure
the surfaces of biodegradable polymers is to irradiate the materials with a CO2 laser beam [16–21].
It is known that a CO2 laser surface irradiation causes formation of nano- and microstructures on
the surfaces of the treated materials [10,21] which can alter their mechanical characteristics [21,22].
However, the use of a laser treatment process, due to the associated thermal effects, may adversely
affect the material and change its properties [16,21,23–27]. The physicochemical properties of the
irradiated material depend on the type of laser source and parameters of the irradiation process,
such as, for example, the light wavelength, pulse duration, and number and energy of pulses.

A reliable assessment of the impact of laser irradiation on the degree of polymer degradation
requires an analysis of a wide range of process parameters used during the processing of this material.
In our previous work [16,27], an analysis of the influence of CO2 laser energy density on the degree
of PLLA degradation was initially conducted in the fluence range from 13 to 95 J/cm2, i.e., from the
minimum value that could be set on our laser system, to the value that ablated the material about half its
thickness (for films with a thickness of about 250µm). The analysis of all changes in the physicochemical
properties was subordinated to the overriding goal of micro-processing of these polymers. The aim
was to obtain information on how this polymer degrades (and what consequences it has) during
the production of practically usable implants, i.e., stents [15,16,27]. Performing further research for
such a large number of cases/fluences would be redundant, as certain regularities were observed for
specific ranges of fluence. Therefore, we limited our considerations to three characteristic surface
fluences: 24, 48, and 71 J/cm2 [21,22]. The first fluence (24 J/cm2) is the maximum value of the energy
density at which neither surface layer melting nor ablation was observed. Despite this, significant
changes were observed in both differential scanning calorimetry (DSC) and, above all, gel permeation
chromatography (GPC) [16,27] (bimodal distribution and significant loss of molecular weight in the
near-surface layer). In this case, however, Fourier transform infrared reflectance (FTIR) spectroscopy
showed no changes. The erasure of the ageing peak in the DSC thermograms indicated that the
polymer had crossed the glass transition in all its volume. The second fluence (48 J/cm2) corresponded
to the case of remelting the PLLA top layer. There were already visible changes (apart from those
recorded for 24 J/cm2 in GPC and DSC) in FTIR spectroscopy (appearance of new, characteristic peaks
of vinyl groups, ketones, etc.). This fluence could also be considered the beginning of the polymer
ablation threshold. The third characteristic fluence (71 J/cm2) is the value at which intense ablation was
noted. Here, the visible changes were similar but more intense compared to the values observed in
GPC, FTIR, and DSC for 48 J/cm2 [16,27].

Therefore, the aim of the study was to evaluate the effect of irradiation of PLLA with a CO2

laser using different accumulated fluences, resulting in the formation of micro-groove patterns on the
surface and affecting the micromechanical and cytotoxic properties of the material.

2. Material and Methods

2.1. Material and Surface Modification

The tests were carried out using PLLA (L210S, Evonik Industries AG, Essen, Germany),
which underwent the process of formation described in detail in previous studies by our group [21,22].
Briefly, thin films of the material were produced by heating the granulate to a temperature of 200 ◦C,
followed by melt processing. The specimens were excised from the obtained amorphous sheets with
the crystallinity of Xc ≈ 2% and average thickness of 350 µm. Biological testing was performed on
discs with a diameter of 12 mm, while other tests used rectangular specimens measuring 20 × 5 mm.
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All the specimens were irradiated using the Speedy 300 (Trotec Laser GmbH, Marchtrenk, Austria)
engraving system, equipped with an air-cooled RF-excited (Radio Frequency-excited) pulsed CO2 laser
(10.6 ± 0.03 µm) (Series 48-2, Synrad Inc. Mukilteo, WA, USA) with the maximum average power of
25 W and pulse duration ranging from several dozen to several hundred µs depending on the power
and the pulse repetition rate. The beam with the mode purity TEM00 at 95% (beam quality factor
M2 < 1.2) was focused on the surface of the material using a 38.1 mm (1.5”) focal length lens. The beam
waist width was about 2w0 = 125 µm. The tests were conducted for the experimentally determined
range of parameters (Table 1).

Table 1. Process parameters for CO2 laser surface treatments of PLLA specimens.

Specimen Optical
Power P (W)

Scanning
Speed V
(cm/s)

Hatching
(Line-to-Line
Space) h (µm)

Pulse
Repetition Rate

(PRR) (Hz)

Pulse
Energy
Ei (mJ)

Accumulated
Fluence FA

(J/cm2)

Reference - - - - - -
F1 0.447

7.1 25.4 2.8
15.5 24

F2 0.867 31.0 48
F3 1.286 45.8 71

The specimens intended for cytotoxicity testing were subjected to plasma sterilization. The PLLA
specimens were sterilized in a Sterrad 100S plasma sterilizer (Advanced Sterilization Products, Irvine,
CA, USA) at a temperature of 46 ◦C, with 2 exposures to hydrogen peroxide lasting 7 min each,
under general sterilization conditions lasting 51 min.

2.2. Roughness and Wettability

In order to evaluate the surface properties of the PLLA thin films, both referenced (Ref) and
micro-patterned (F1–F3) surfaces were examined. Surface roughness was determined based on height
profiles using a Micro Combi Tester (CSM Instruments SA, Peseux, Switzerland) in the scratch test
mode with a Rockwell indenter (CSM Instruments SA, Peseux, Switzerland) 10 µm in diameter.
Unlike traditional profilometers, the optical module of the device with a magnification of the order of
50–200 times allowed for precise selection of the profile location and correlation of the profile curves
with the recorded surface geometry of the specimens. One of the advanced scratch test (pre-scan)
settings allowed us to register a profile so that after performing the proper scratch test it was possible to
determine the actual penetration depth of the indenter into the material. This option was used to register
surface profiles of the analyzed specimens. The contact force of the intender was set to 10 mN, so no
scratches were observed on the surface of the material after the profile was made. The methodology
used to determine the surface roughness was validated on surface roughness reference specimens with
Rz = 9.47 µm, achieving a compliance level of 98%.

Six profile measurements were performed on the specimens from each measurement group in the
direction perpendicular to the direction of laser beam propagation over a measuring length of 1.25 mm.
The profiles obtained from a pre-scan allowed us to determine the Rz parameter understood as height
of the roughness profile for the highest 5 and the lowest 5 points on the specimens. Based on the above,
the theoretical Ra value (arithmetic mean of profile deviation) was calculated as 1/5 of the Rz value.
Measurements were based on the ISO 4287 standard [28].

The effect of the developing roughness on the affinity of surfaces to the liquid(s) was examined
by determining the wetting angle θ. Six drops with an average volume of 0.3 µl were applied on
the examined surfaces; the tests were carried out at room temperature equal to 22 ± 1 ◦C using
a Surftens Universal instrument (OEG Gesellschaft für Optik, Elektronik & Gerätetechnik mbH,
Frankfurt (Oder), Germany).
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2.3. In Vitro Cytotoxicity

The cytocompatibility effect of irradiation of the PLLA surface with a CO2 laser using different
accumulated fluences was evaluated on a culture Balb/3T3 of normal mouse fibroblast cell line
(clone A31, American Type Culture Collection (ATCC CCL-163), Manassas, VA, USA). The cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 4.5 g/L of glucose, 25 mM HEPES
(Corning Inc., Corning, NY, USA), 1% L-glutamine with streptomycin and penicillin (Sigma-Aldrich,
St. Louis, MO, USA), and 10% fetal bovine serum (Sigma-Aldrich, Saint Louis, Missouri, USA) under
standard conditions of 37 ◦C and 5% CO2, at constant humidity. Balb/3T3 fibroblasts were trypsinized
(0.25% Trypsin-EDTA, Sigma-Aldrich, Saint Louis, Missouri, USA), suspended in culture medium,
and seeded on a 6-well plate (Falcon, Corning Inc., Corning, NY, USA) at a density of 1.5 × 105 cells/well.
After 24 h of cell incubation, discs of laser-treated and reference test material were applied to each
well in such a way that the fibroblast monolayer was in contact with the polymer surface. The control
group was cells without contact with the material. After 24 h, fibroblast morphology was assessed
under the surface of the test material and at the edges of the specimens using a CKX-41 inverted phase
contrast microscope (Olympus, Tokyo, Japan). To assess the cytotoxic effect [29], a grading scale was
used where the changes in the culture over grade 2 (mild grade) were considered to be a cytotoxic
effect [29]. On the other hand, a moderate degree of cytotoxicity was characterized by the presence
of a zone of altered (degenerated or malformed) cells, which occurred only under the surface of the
test material, with normal morphology of the cells around the material. Tests were also carried out
on colonization of the test material by Balb/3T3 cells. Polymer specimens in the form of discs were
placed in the wells of a 6-well plate (Falcon) and fibroblasts from the same culture were seeded on the
polymer surface at a density of 1.5 × 105 cells/well. After 24 h, cell morphology and adhesion to the
surfaces of the test materials were assessed using a CKX-41 inverted phase contrast microscope.

2.4. Micromechanical Properties

Tests of micromechanical properties were carried out on a Micro Combi Tester (CSM Instruments
SA, Peseux, Switzerland) using a Vickers prismatic indenter with an apex angle of 136◦. Specimens
with an average thickness of 350 µm were mounted on an aluminum test rig of much higher stiffness
using a very thin layer of crystal bond glue. The table was immobilized with adjustable clamps of the
microhardness tester. An indentation load of 100 mN was used based on pre-tests, which allowed
us both to avoid the effect of substrate on the specimen and enabled testing of the entire thickness
of the surface layer. The resulting indentation depths were in the range of 3–4 µm to 10–12 µm
for all the specimens. The measurement points, i.e., 20 indentations for a particular irradiated type
of surface, were selected in the visual mode enabling a preview of the polymer surface under an
optical microscope.

The tests for each indentation were run at a constant strain rate during the loading and unloading
phases. As the indenter tip approached a maximum depth at 100 mN, the test was paused for 10 s and
then the specimen was unloaded at the same strain rate. The unloading section of these data were
analyzed to calculate the mechanical properties using the Oliver Pharr model [30]. Poisson’s ratio
(ν) of PLLA was set to 0.35, which is a representative value for polymers, while the parameters used
for the diamond were E = 1140 GPa and ν = 0.07. The analysis focused on microhardness (HIT, HV),
Young’s modulus (EIT), maximum indentation depth (hm) as well as plastic strain energy (Wp) and
elastic strain energy (We).

2.5. Statistical Analysis

The obtained results of the micromechanical properties and wetting angle were subjected to
statistical analysis, starting with checking the normality of the obtained distributions (Shapiro–Wilk test),
and were tested for homogeneity of variance (Levene’s test). The results obtained within the study
groups were averaged and standard deviations were determined. The statistical significance between
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individual groups was evaluated using one-way analysis of variance (one-way ANOVA) and post-hoc
Tukey’s tests; the statistical analysis was carried out for a significance level of α = 0.05.

3. Results

3.1. Roughness and Wettability

The microscopic evaluation of the irradiated specimens’ surfaces showed the presence of repetitive
structures. As the laser irradiation parameters increased, the observed micro-patterns became larger
(Figure 1).
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Figure 1. Microscopic images of the obtained surfaces (magnification 100×) recorded for reference
material (Ref) and laser treated with accumulated fluences of 24 J/cm2 (F1), 48 J/cm2 (F2) and 71 J/cm2 (F3).

The determined profiles of surface roughness showed that increased use of accumulated fluence
created micro-grooves, making the surface increasingly rough. Table 2 shows averaged Rz values as
well as Ra values determined on their basis.

Table 2. Roughness parameters describing surface topography of micro-patterned PLLA.

Roughness Parameters Reference F1 F2 F3

Rz
(
X ± SD

)
(µm) 0.10 ± 0.04 0.21 ± 0.05 2.87 ± 0.31 6.67 ± 0.66

Ra * (µm) 0.02 0.04 0.57 1.33

* Values derived from the following correlation: Ra = 1/5 Rz.

The conducted tests showed that surface structuring with the use of a CO2 laser altered the
wettability of poly(L-lactide) (Figure 2). The reference material was partially wettable, however, it was
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the most hydrophobic (θ = 72.3 ± 1.4◦). Irradiation of the material with the lowest accumulated
fluence (F1) was almost unnoticeable as a micro-pattern (Figure 1) and did not significantly affect the
surface wettability. The use of a higher fluence caused a significant change in the nature of the surface,
not only compared to the reference material but also between individual groups. Irradiation of the
surface decreased the angle of wettability θ relative to the reference material by 9.7% and 24.1% for
accumulated fluences of, respectively, 48 J/cm2 and 71 J/cm2, indicating that the surface became more
hydrophilic. The smallest angle (θ = 54.9 ± 2.4◦) was noted for an accumulated fluence of 71 J/cm2.
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3.2. In Vitro Cytotoxicity

Reference material and material after laser treatment with the fluence of F1 after application on
fibroblast culture did not cause changes in the morphology of cells under the surface of the specimen,
in the zone around the specimen, and in the zone outside of the specimen in the whole well, compared
to the control cell culture (Figure 3). Materials after laser treatment F2 and F3 did not change the cell
morphology compared to the control cell culture either in the zone around the laser-treated surface or in
the zone outside of the specimen in the whole well. Changes in cell morphology, such as malformation
or degeneration of cells, vacuolization, and also occasional lysis and growth inhibition were only
observed for specimens that were laser treated with accumulated fluences F2 and F3 (Figure 3),
which showed a mild degree (2) of cytotoxicity. According to the standard protocol stated in ISO
10993-5 for evaluation of in vitro cytotoxicity of medical devices, cytotoxicity effects can be considered
when the reactivity grade of the cytotoxic effect is greater than 2 [29]. The conducted study showed
that laser treatment changed the cytotoxicity of the materials against Balb/3T3 cells.
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Figure 3. Culture of Balb/3T3 fibroblasts after 24-h contact with the test materials around and under
the surface of the specimen: (A) and (B) Ref, (C) and (D) F1, (E) and (F) F2, (G) and (H) F3, and (I)
control cell culture without contact with materials. Altered cells occur only in a limited zone under the
specimens. Magnification: ×100.

After 24 h after application of the culture, there was no observed cell adhesion to the surfaces of
the test materials F1, F2, F3, and Ref (Figure 4). The surfaces of all test materials showed cells with a
rounded phenotype, which did not coat the test specimen. The cells in the zone around the specimens
and in the zone outside the specimens in the whole well showed normal morphology (Figure 4).
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Figure 4. Culture of Balb/3T3 fibroblasts 24 h after application of the cells on the surfaces of the
materials: (A) Ref, (B) F1, (C) F2, (D) F3, and (E) control cell culture without contact with the material
No cell colonization of the material surfaces was observed. Magnification: ×100.

3.3. Micromechanical Properties

Micromechanical properties were examined during a typical instrumented indentation test with
constant parameters over several repetitions for each type of specimens. The obtained parameters
were characteristic for all types of irradiated materials and indicated a specific relation to accumulated
fluences (Table 3).
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Table 3. Micromechanical properties presented as average and standard deviation (X± SD) determined
in the indentation test for references and irradiated specimens.

Specimen Type EIT
(GPa)

HIT
(MPa) HV hm

(µm)
We
(nJ)

Wp
(nJ)

Ref 2.1 ± 0.9 200.5 ± 53.2 18.9 ± 5.0 6.1 ± 0.9 116.0 ± 46.7 145.7 ± 27.3
F1 3.4 ± 0.8 300.2 ± 54.9 28.3 ± 5.2 4.7 ± 0.5 80.6 ± 13.0 113.4 ± 5.6
F2 4.1 ± 1.0 429.6 ± 205.8 40.5 ± 19.4 4.3 ± 0.7 73.6 ± 7.3 117.3 ± 9.3
F3 0.4 ± 0.03 115.9 ± 17.7 10.9 ± 1.7 1.2 ± 0.4 376.6 ± 40.2 166.7 ± 25.0

Legend: EIT—Young’s modulus, HIT—Instrumental microhardness, HV—Vickers microhardness, hm—Maximum
indentation depth, We—Elastic strain energy, Wp—Plastic strain energy.

All mechanical parameters showed gradual changes with the trend maintained for all the obtained
values, starting from the reference specimens to specimens irradiated with a medium accumulated
fluence. However, at the fluence of 71 J/cm2, all cases showed rapid (abrupt) changes of the trend.
Irradiation of PLLA with the lowest and medium fluencies affected the material surface by increasing
its hardness and stiffness. Plastic and elastic strain energies gradually decreased. Resistance of the
material from the side of the irradiated surface increased. The highest used fluence strongly changed
the mechanical behavior of the PLLA specimen. The trends in changes of the mechanical parameters
were significantly reversed (p < 0.05). The maximal depth during the testing was almost twice higher
compared with reference specimens and three times higher compared with specimens irradiated
with 48 J/cm2 fluence. PLLA became significantly more deformable and plastic than the reference
material. This phenomenon is clearly visible in the relationships between the indentation force and
depth (Figure 5). The mechanical curves obtained for the specimens irradiated with the fluences F1 and
F2 were shifted as a result of indentation tests towards lower deformations with respect to the reference
specimens while demonstrating the stiffer nature of the test surface. The relationships between the
indentation force and depth for PLLA specimens irradiated with 71 J/cm2 were shifted in the opposite
direction to all other curves.
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4. Discussion

A series of tests focused on assessing changes in the biomaterial surface allowed us to determine
the potential of CO2 laser texturing for biomedical applications. The properties of an implant surface,
including roughness, topography, and wettability significantly determine the applicability of the
implant and can be adjusted to the preferences of a given type of cell [4–6]. The almost completely
smooth surface is not conducive to adhesion and proliferation of cells [10], requiring the use of additional
material treatment. The biological potential of the surface can be increased by bulk modification
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of the material, mainly by altering the chemical composition [4,5,12,13] or by surface modification
using, for example, a laser beam [10,12,14,15,31]. However, due to the action of the laser beam on the
polymer material, photochemical degradation of the material may occur [24,25], significantly affecting
the material properties of the polymer. Only a few studies have focused on assessing the impact of
irradiation of biodegradable polymers with a CO2 laser on their mechanical [15,22] or physicochemical
properties [16,32]. The use of a low value of accumulated fluence strengthens and stiffens the material,
which is visible in uniaxial tensile tests [22] and under hydrolytic degradation [21]. On the other hand,
the highest applied value of accumulated fluence makes the surface of the material more pliable, so it
strongly deforms and plasticizes (Figure 1).

The results of wetting angle tests indicate that the reference PLLA surface is the most hydrophobic,
which adversely affects cell adhesion to the surface of the material [11]. The obtained wetting angle
values for the reference material are consistent with the data presented by other authors [7–9]. In the
process of surface laser structuring, an increase in the used accumulated fluence was accompanied by
a decrease in the contact angle, resulting in better wetting (wettability) of the material and an increased
surface roughness. In contrast to other studies [16,33] showing no relationship between CO2 laser
irradiation and wettability of the PLLA, our tests proved the significance of the process as there was an
increase in hydrophilicity. A similar trend was also observed for other materials such as PEEK [34],
LDPE [17] and nylon 6.6 [19], where CO2 laser also improved the wettability of those materials.
Surface wettability, in general, is determined by the functional groups (chemical composition) present
on the surface and by surface roughness [35]. The observed decrease in the contact angle of water
wetting increasing surface hydrophilicity is partly attributed due to the larger surface roughness [35]
and changing relationship between polar and nonpolar functional groups, as well as between acidic or
basic sites available at the modified surface region [36]. The chemical structure of the laser-irradiated
PLLA surface was demonstrated in our previous studies [16,22,27]. The Fourier transform infrared
spectroscopy (FTIR) confirmed both a decrease in the number of aliphatic ester segments and the
defragmentation of the main chain following C-C and C-H bond scission [37,38]. The ATR/FTIR also
proved the appearance of a few small but characteristic absorption bands for vinyl groups (RCH=CH2),
ketones (RCOCH=CH2), and/or vinyl ethers (ROCH=CH2) [22]. The appearance of these bands
may indicate that the decomposition of PLLA by thermal CO2 laser impact occurred, among others,
by means of the cis elimination reactions, in which double carbon bonds were formed in the vinyl
groups (−CH=CH2) [16,22,27]. Admittedly, the use of X-ray photoelectron spectroscopy (XPS) did
not demonstrate that processing with CO2 laser irradiation caused no oxidation of the surface layer,
despite the presence of oxygen in the process environment. The value of O/C remained constant [27].
The lack of photo-oxidation may be due to the fact that the degradation process was initiated by
temperature and such PLLA decomposition generally does not generate free radicals.

Cytotoxicity tests were performed after sterilization of the PLLA in low-temperature plasma
called “cold” plasma. The plasma treatment is a surface process commonly used to clean (sterilize)
or etch polymers, alter their surface wettability, and improve the cell affinity to the polymer surface,
resulting in better cytocompatibility [36]. Surface wettability increases as a result of the formation of the
new chemical groups, mainly polar, introduced to the polymer surface (regardless of the gas used for
modification) [39]. The newly formed functional groups enhance cell adhesion [40], owing to chemical
interaction and higher surface energy increasing adhesive strengths on the polymer surface [41].
Plasma treatment modifies the surface morphology [35]. However, low-temperature plasma modifies
only the upper layer of the polymer surface [42], assessed as approximately 10 nm in depth or less
in depth (Ra < 10 nm) [36]. Therefore, it is generally accepted that plasma discharge can modify
polymer surfaces, whereas the bulk properties remain unchanged. On the other hand, sterilization with
hydrogen peroxide gas plasma is the recommended procedure for heat-sensitive poly(lactic acid) [43].
Hence, the process of plasma treatment enhances surface wettability, while having a negligible effect
on the mechanical properties of the PLLA surface, where the maximum indentation depth (hm) is
measured in micrometers (Table 3). Plasma sterilization is a compromise between surface modification
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mainly improving cytocompatibility of PLLA surface and physicochemical modification of surface
layers at a shallow depth. Please note that all the tests were performed on non-sterilized PLLA
specimens except for cytotoxic tests.

Proliferation and differentiation of cells depend on many factors, including mechanical conditions.
The optimal conditions for stable maintenance of the continuity of the life cycle and performance of
the functions are different for each type of cell. Cells present in load-bearing tissues are sensitive
to mechanical stimulations through mechanoreceptors and, accordingly, to load parameters such
as amount, duration, or even amplitude. Consequently, different metabolic pathways are initiated.
However, cytocompatibility of materials is viewed mainly in terms of surface topography and chemicals
interacting with the cells, including products of material degradation. The influence of the mechanical
properties of the materials that are colonized by the cells on cytocompatibility of the materials is
negligent. According to previous research [19,44], osteoblasts choose surfaces with greater roughness
and their division occurs much faster on smooth surfaces; moreover, increased surface roughness
also provides them with better adhesion [10,17,19,34]. The use of laser treatment to significantly
increase surface roughness allows an increase in proliferation and differentiation of bone-forming
cells. The increase in roughness is associated with the formation of nano- [45] or micropatterns [21] on
aliphatic polymer surfaces following laser irradiation. The irradiated PLLA surfaces showed parallel
and equidistant grooves and ridges. The pattern repeated itself and as the fluence increased, so did the
distance between each two adjacent ridges (profile element width). To the best of our knowledge, this is
the first presentation of results of roughness of PLLA surfaces irradiated by a CO2 laser. Previously,
Ra and Rz parameters were discussed mainly for PLLA combined with fillers in nano- and microscales,
such as hydroxyapatite [46] or drug-intercalated fillers [47]. Roughness parameters of a mix of PLLA
and particles (bulk modification) were comparable, or even higher, to those recorded here for PLLA
irradiated with F2 and F3 fluences. Higher values of roughness parameters are justified if the bulk
modification is processed by macromolecules incorporated into the polymer matrix and dependent on
the concentration of the filler. Studies on commercially available implant materials, such as machined
Ti6Al4V alloy, show Ra and Rz (0.48 ± 0.05 and 2.48 ± 0.29, respectively) strongly comparable to
PLLA irradiated with 48 J/cm2 fluence [48]. However, better osteoblast proliferation was found in the
materials (etched or plasma-sprayed titanium) with higher surface roughness (Ra > 3.5 µm) which is
unattainable for laser processing.

In the research conducted by Zheng et al. [20], pre-osteoblast adhesion and proliferation increased
after laser treatment. An enhancement in the biocompatibility of the CO2 laser-treated surfaces was
also observed by Waugh et al. [19]. The conducted tests showed that surface modification with a CO2

laser wavelength affected the cell viability and improved cell growth. Moreover, cell coverage was
greater on textured than on non-textured surfaces. As infrared spectroscopy revealed the presence of a
vinyl group in PLLA irradiated with higher laser fluences [22], there was a need to perform a biological
test aimed at determining the cytotoxicity of the material. The performed biological assessment found
no cytotoxic activity of the examined polymers, however, a mild cytotoxic effect was observed after
laser treatment (F2 and F3). In accordance with the 10993-5 standard [29], changes in the culture over
grade 2 are considered to be cytotoxic effect. Nevertheless, no cell colonization of the specimen surfaces
was observed, which indicates that the examined surfaces of the materials do not have properties
conducive to cell adhesion despite an improvement in the PLLA surface properties after irradiation
with a CO2 laser, i.e., increased roughness and surface wettability.

The micromechanical properties of unmodified PLA have been very rarely tested using the
instrumented indentation method [49,50] and, to the best of our knowledge, so far no one has tested
surface-modified PLA. Microhardness and elastic modulus of neat and extruded PLA were tested
using a diamond Berkovich indenter with indentation load of 0.5 mN, resulting in the maximum
indentation depths of, respectively, 1.5 µm and [49] 1 µm [50]. The elastic modulus of extruded PLA
ranged from 3.9 ± 0.47 GPa on specimen edges to 4.1 ± 0.26 GPa in the middle of the specimen, while
modulus and hardness of neat PLA were uniform and equal to 4.6 ± 0.47 GPa and 0.23 ± 0.034 GPa,
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respectively [50]. For thin films of pure PLA, Ajala et al. [49] obtained lower modulus and hardness
values of 0.95 and 0.03 GPa, respectively. Modulus and hardness of unmodified PLLA presented here
are equal to 2.1± 0.9 GPa and 0.2± 0.05 GPa, respectively. The mechanical parameters of laser-irradiated
PLA with F1 and F2 accumulated fluencies determined in instrumented indentation tests increased,
thus reinforcing the surface. For the highest accumulated fluence, the determined parameters sharply
decreased, resulting in significantly greater indentation depth (up to almost 2.5–3.5% of the total
thickness of the specimen crossing the boundary of the surface layer). Laser irradiation of the PLLA
surface with accumulated fluence of 71 J/cm2 led to a substantial weakness of both the surface and
subsurface layers, with even lower parameters than those reported for non-modified PLA.

In the presented results, the mechanical parameters of the polymer were altered from stiff (groups
F1 and F2) to compliant (F3) while simultaneously changing the surface topography and wettability.
The two features with the strongest impact on cell viability are chemical interactions and surface
topography. The possibility of controlled structuring of the PLLA surface and the observed effect
of irradiation on the polymer properties allow the design of its properties, selectively and locally.
This way it is possible to adjust the structure of the implant surface so as to ensure the most favorable
conditions of cooperation with the surrounding tissues, thus contributing to the reduction in tissue
regeneration time.
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27. Antończak, A.J.; Stępak, B.; Szustakiewicz, K.; Wójcik, M.; Kozioł, P.E.; Łazarek, Ł.; Abramski, K.M. Effect of
CO2 laser micromachining on physicochemical properties of poly(L-lactide). In Proceedings of the SPIE
2014—International Conference on Applications of Optics and Photonics, Aveiro, Portugal, 22 August 2014;
Volume 9286, pp. 92860Z-1–92860Z-10.

28. ISO. Surface Texture. Profile Method. Terms, Definitions and Surface Texture Parameters; BS EN ISO 4287:
Geometrical Product Specification (GPS); ISO: Geneva, Switzerland, 2000.

29. ISO. ISO 10993-5: Biological Evaluation of Medical Devices—Part 3: Tests for Genotoxicity, Carcinogenicity and
Reproductive Toxicity; ISO: Geneva, Switzerland, 2003.

30. Oliver, W.C.; Pharr, G.M. Measurement of hardness and elastic modulus by instrumented indentation:
Advances in understanding and refinements to methodology. J. Mater. Res. 2004, 19, 3–20. [CrossRef]

31. Castillejo, M.; Rebollar, E.; Oujja, M.; Sanz, M.; Selimis, A.; Sigletou, M.; Psycharakis, S.; Ranella, A.;
Fotakis, C. Fabrication of porous biopolymer substrates for cell growth by UV laser: The role of pulse
duration. Appl. Surf. Sci. 2012, 258, 8919–8927. [CrossRef]

32. Rodrigues, N.; Benning, M.; Ferreira, A.M.; Dixon, L.; Dalgarno, K. Manufacture and characterisation of
porous PLA scaffolds. Procedia CIRP 2016, 49, 33–38. [CrossRef]

278



Materials 2020, 13, 3786
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Abstract: The results of studies on the uncrosslinked fraction of blends of polylactide and
poly(butylene adipate-co-terephthalate) (PLA/PBAT) are presented. The blends were crosslinked by
using the electron radiation and triallyl isocyanurate (TAIC) at a concentration of 3 wt %. Two kinds
of samples to be investigated were prepared: one contained 80 wt % PLA and the other contained
80 wt % PBAT. Both blends were irradiated with the doses of 10, 40, or 90 kGy. The uncrosslinked
fraction was separated from the crosslinked one. When dried, they were subjected to quantitative
analysis, Fourier transform infrared spectroscopy (FTIR) measurements, an analysis of variations in
the average molecular weight, and the determination of thermal properties. It was found that the
electron radiation caused various effects in the studied samples, which depended on the magnitude
of the radiation dose and the weight fractions of the components of the particular blends. This was
evidenced by the occurrence of the uncrosslinked fractions of different amounts, a different molecular
weight distribution, and the different thermal properties of the samples. It was also concluded that the
observed effects were caused by the fact that the processes of crosslinking and degradation took place
mostly in PLA, while PBAT appeared to be less susceptible to the influence of the electron radiation.

Keywords: polylactide; biodegradable blends; irradiation; crosslinking; degradation

1. Introduction

Studies on the effects of electron radiation on the properties of conventional polymers are already
being carried out and have been for many years [1]. The development of knowledge in this field as well
as learning the new phenomena and consequences of the interaction of this radiation with polymer
materials resulted in an increase in the number of novel applications of polymers and put the use of the
industrial radiation treatment into a new perspective. Changes occurring in the molecular structure of
the polymers are the most common effects of the treatment with electron radiation. They are caused by
the formation of various kinds of ions and radicals in the materials being radiation modified. This, in
turn, leads to the occurrence of many processes, including synthesis, grafting, crosslinking, or radiation
degradation [2]. As a result of these processes and due to specified conditions of the radiation treatment,
novel polymer materials of modified properties and new potential applications are being produced.

Issues associated with the radiation treatment of polymers are complex, which results from the
fact that various processes of different intensity may simultaneously occur in the polymers being
modified this way. Therefore, the final effects of the irradiation, i.e., mostly crosslinking or degradation
at different degrees, depend, e.g., on the yield of the individual processes [3]. Additionally, an active
site (usually a radical one) being formed due to the irradiation, may move along a polymer chain.
Thus, the processes induced by the absorption of the electron radiation energy by a polymer may occur
in places of chain different with relation to location of the active site created originally. This results
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partially from the chemical structure of the macromolecules and partially from the conditions of the
radiation treatment, mainly the radiation dose magnitude, dose rate, and the irradiation atmosphere.
For example, polyethylene (PE) easily undergoes radiation crosslinking, whereas polypropylene (PP)
solely undergoes radiation degradation, during which the molecular weight decreases [4]. This is
caused by the presence in PP of lateral methyl groups that favor oxidation of the polymer and, thus,
its degradation.

Various effects of the radiation treatment also occur in the biodegradable polymers, such as
polylactide (PLA), poly(ε-caprolactone) (PCL), or poly(butylene adipate-co-terephthalate) (PBAT) [5–9].
They depend, for example, on the structure of macromolecules, the orderliness of carbon atoms in the
main chain or the presence of aromatic groups. They are, however, much less recognized, which may
result from the anxiety associated with a possible decrease in the susceptibility to the biodegradability
of these polymers due to crosslinking. Nevertheless, not all the biodegradable polymers undergo
crosslinking because of treatment with the electron radiation only. For example, PLA [10–12], when
treated with the electron radiation, undergoes, first of all, degradation [13–15]. On the contrary, in
PCL [16–18] or in PBAT [19–22], the radiation degradation processes generally are not dominant [23–25].

The influence of the electron radiation on the properties of blends of the biodegradable polymers
(like PLA/PCL, PLA/PBAT or PHBV/PLA) [26–28] is even less recognized or totally unexplained. This
statement does not apply to radiation sterilization processes that generally use low radiation doses
that do not affect the properties and structure of polymers. In the case of using higher doses (above
10 kGy), the effects of the irradiation are much more complex. Such a situation results from different
interactions of particular components of the blends with the radiation [29–34]. The low miscibility or
immiscibility of the components are additional factors affecting complexity of the issue [35]. In order
to increase the miscibility of the polymers, it is recommended to add to such blends low-molecular
weight compounds that increase crosslinking and improve interfacial adhesion [31,36–41]. Triallyl
isocyanurate (TAIC) is one such compound, which is being applied most often.

Knowledge about the influence of the electron radiation on polymers and polymer blends,
including the effects associated with the crosslinking, may be acquired as a result of the investigation
of a crosslinked fraction and phenomena occurring within that fraction. On the other hand, the results
of the examination of the fraction that remains uncrosslinked in spite of irradiation are almost totally
unknown. Most often, the amount of it is less than that of other fractions, which does not, however,
mean that this fraction has to be degraded. Getting knowledge about its properties when irradiated
may be an excellent supplement to the results of investigation of the crosslinked fraction and may
also be a kind of reflection of the latter. In addition, this knowledge may give some information on
the crosslinking of the studied materials. It may also contribute to the elucidation of the issues that
have not been fully explained earlier. Therefore, the authors of the present article undertook studies
aimed at determination of changes in some properties of the uncrosslinked fraction of the two kinds of
blends of biodegradable polymers, occurring when the electron radiation doses of different magnitudes
were applied. The studies presented in this work are a continuation of our previous research on the
radiation treatment of PLA, PBAT, and its blends [13,25,32]. Therefore, the blends of PLA/PBAT type
were chosen for studies.

2. Materials and Methods

2.1. Materials

Polylactide (PLA), type 2003D (NatureWorks®, Minnetonka, MN, USA), with a melt flow rate
(MFR) equal to 2.8 g/10min (2.16 kg, 190 ◦C), a density of 1.24 g/cm3, a melting temperature (Tm) of
155 ◦C, a number-average molecular weight of ca. 91 kDa, and a weight-average molecular weight
of ca. 166 kDa, has been used in this work. This polymer contained 3.5% of D monomer units.
The second polymer was poly(butylene adipate-co-terephthalate) (PBAT), type FBlend C1200 (BASF,
Ludwigshafen, Germany) with a melt flow rate (MFR) equal to 10 g/10 min (2.16 kg, 190 ◦C), a density
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of 1.25 g/cm3, a melting temperature (Tm) of 115 ◦C, a number-average molecular weight of ca. 35 kDa,
and a weight-average molecular weight of ca. 73 kDa. Moreover, triallyl isocyanurate (TAIC) with a
density equal to 1.16 g/cm3 and a melting point of ca. 23–27 ◦C from Sigma-Aldrich GmbH (Munich,
Germany) has also been applied. This compound was used in a liquid state as an agent to promote a
crosslinking of the polymers upon the electron radiation. Dichloromethane (CH2Cl2) from Avantor
Performance Materials Poland S.A. (Gliwice, Poland) was used during dissolution of the non-irradiated
and irradiated samples in investigations of the uncrosslinked fraction, as well as in examination by gel
permeation chromatography (GPC). Nitrogen (N2) type Premier (Air Products, Warsaw, Poland) was
used in the differential scanning calorimeter (DSC) examination.

2.2. Apparatus

The co-rotating twin screw extruder type BTSK 20/40D (Bühler, Braunschweig, Germany),
equipped with the screws of a 40 L/D ratio and 20 mm diameter, and the three-opening die head was
intended to be prepared from granulated samples of the PLA/PBAT blends. A linear accelerator of
electrons, type Elektronika 10/10, was used in the irradiation of the obtained samples of the granulates.
Attenuated total reflectance Fourier transform infrared (FTIR-ATR) spectrometer, type Cary 630
(Agilent Technologies, Santa Clara, CA, USA), was meant for the examination of the changes in the
macromolecules’ structure. In addition, gel permeation chromatograph (GPC), equipped with the set
of two PLgel 5 µm MIXED-C columns, was designed for the investigation of the average molecular
weights of the radiation modified samples. The last device applied in this work was a DSC, type DSC
1 STARe System (Mettler Toledo, Greifensee, Switzerland), designed for the determination of some
thermal effects occurring in samples modified by electron radiation.

2.3. Sample Preparation

Samples of the uncrosslinked fractions were prepared in three stages. In the first stage, two kinds
of granulated polymer blends of the PLA/PBAT type were prepared by using a co-rotating twin screw
extruder type BTSK 20/40D (Bühler, Braunschweig, Germany) and a standard granulator. One kind
of granule was the blend with the predominant content (80 wt %) of PLA, and the other one was the
blend with the predominant content (80 wt %) of PBAT. TAIC in the amount of 3 wt % was added to
each blend while being extruded. The extrusion was carried out at the temperatures of the particular
barrel zones (I, II, III, and IV) equal to 180, 183, 186, and 190 ◦C, respectively, and at the die-head
temperature of 190 ◦C [32]. Free degassing of possible gaseous products when released was applied
at the screws with a length of L/D = 33. The screws rotational speed was constant (250 rpm). Before
extrusion, the PLA was dried at 70 ◦C for 24 h, in order to avoid hydrolytic degradation. PBAT was
not dried. The same temperature profile to extrude the two blends has been applied, because these
were the lowest processing temperatures of PLA, which was present in both blends.

In the second stage, the prepared granulated blends were subjected to the radiation treatment
with the use of a high-energy electron beam derived from accelerator type Elektronika 10/10 for the
crosslinking of the studied materials. The applied radiation doses were 10, 40, or 90 kGy, the single
dose not being larger than 20 kGy. This limitation was due to an increase in the temperature of the
irradiated material, which might cause unwanted changes in the structure of the blends if larger
doses were used. Therefore, some samples were irradiated several times. These doses were chosen
because at the 10 kGy dose the crosslinking process began, at the 40 kGy dose the largest amount of
gel fraction was obtained, and at the 90 kGy dose the degradation process was dominant. During the
irradiation procedure, all the granulated samples were put on the belt conveyor moving at the speed
of 0.3–1.2 m/min. The actual speed was related to the radiation dose absorbed by a polymer material
being modified. The layer thickness of the irradiated samples was not larger than 20 mm. This ensured
penetration of the irradiation beam on the all granules. Samples irradiation was carried out in the air.

In the third stage, the radiation crosslinked samples of the granulated blends were subjected to
dissolution in CH2Cl2 in order to separate the uncrosslinked fraction from the crosslinked fraction.

283



Materials 2020, 13, 1068

This solvent was chosen because the studied samples dissolve well in it. The non-irradiated samples
(L0 and B0, as indicated in Table 1) were also subjected to dissolution in that solvent. The samples
were dissolving at room temperature for 24 h. The obtained solutions were filtered through medium
flow quantitative filter papers. The crosslinked fractions that remained on the filter papers were used
to determine the contents of the gel fractions. The uncrosslinked fractions present in the filtrates were
used to prepare samples meant for the basic examinations. For this purpose, the filtrates were put
on glass Petri dishes and left until the solvent had freely evaporated. The obtained specimens of the
uncrosslinked fractions, designated with the symbols as shown in Table 1, were investigated by using
techniques such as Fourier transform infrared spectroscopy (FTIR), gel permeation chromatography
(GPC), and differential scanning calorimetry (DSC).

Table 1. Symbols of the studied samples.

Composition
Dose (kGy)

0 10 40 90

PLA/PBAT 80/20
(L type samples) L0 L10 L40 L90

PLA/PBAT 20/80
(B type samples) B0 B10 B40 B90

2.4. Methodology of Research

The content of the uncrosslinked fraction (Ng) of the studied samples was determined by a solvent
extraction method, using CH2Cl2 as the solvent. All the specimens were subjected to dissolution at 20
± 3 ◦C for 24 h. The mass ratios of the specimens and solvent were chosen so as to achieve a solution
concentration (Cp) of 2%. The obtained solutions were filtered through medium flow quantitative
filter papers. The gel fraction, which remained on the filter papers, was dried at 50 ◦C for 24 h.
Using the mass (Wo) of a sample before it was subjected to dissolution and the mass (Wg) of that
sample after it was subjected to dissolution and dried (Wg referred to the mass of the gel fraction), the
content of the uncrosslinked fraction (Ng) in the particular samples was calculated according to the
following relationship:

Ng =

(
1− Wg

Wo

)
× 100%

The attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of the studied
samples were recorded in transmittance mode at a constant spectral resolution of 4 cm–1, for the
wavenumber ranged from 3700 to 500 cm−1, after acquiring 8 scans.

The changes in the number-average molecular weight (Mn) and weight-average molecular weight
(Mw) of all samples was examined by gel permeation chromatography (GPC) conducted in CH2Cl2 at
room temperature with an eluent flow rate of 0.8 mL/min, using a set of two PLgel 5 µm MIXED-C
columns. About 2 mg of each sample was applied as part of the preparation of the solution that was to
be injected in the GPC columns. Polystyrene standards were used. GPC results have been shown as
curves of the peak intensity (I) vs. the eluent volume (V).

DSC measurements were performed under nitrogen with rate flow of 50 ml/min. About 3 mg of
the sample was placed on an aluminum pan for sampling. The samples were successively: heated
from 20 to 180 ◦C at 10 ◦C/min, annealed at 180 ◦C for 3 min, cooled to 15 ◦C at 10 ◦C/min, and
reheated to 180 ◦C at a rate of 10 ◦C/min. The second heating cycle was used in the analysis of the
thermal properties of the studied samples. The glass transition temperature (Tg), cold crystallization
temperature (Tcc), melting temperature (Tm), cold crystallization enthalpy (Hcc), and melting enthalpy
(Hm) were determined.
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3. Results

3.1. Quantitative Determination of the Uncrosslinked Fraction

Dependences of the content of the uncrosslinked fraction (Ng) of the samples L and B on the
magnitude of the radiation dose are shown in Figure 1. As can be seen, the Ng values of the B samples
are on the average a dozen or so percent larger than those of the L samples. This indicates a higher
susceptibility of PLA to the radiation crosslinking in the presence of TAIC than that of PBAT. Larger
Ng values, corresponding to smaller contents of the gel fraction of PBAT, result from the chemical
structure of the macromolecules of that polymer, mostly from the presence of aromatic groupings that
enable the absorption of a part of the electron radiation and the dissipation of it in the form of heat.
This is connected to the so-called protective effect and to making at least some of the active sites, which
may move along polymer chains, inactive [42,43]. Such a situation is the reason for the creation of
a smaller number of crosslinking bonds and, thus, for the formation of a smaller amount of the gel
fraction while, at the same time, a larger amount of the uncrosslinked fraction is formed.

Figure 1. Results of the content of the uncrosslinked fraction (Ng) of the samples type L and B.

From Figure 1, it also follows that the Ng values of the samples of both types rapidly decrease as
the radiation dose increases. Already, the smallest radiation dose causes a reduction in the Ng values
down to ca. 40% (sample L10) and 59% (sample B10). The largest dose, in turn, causes a decrease
in the values of Ng to ca. 10% (sample L90) and 25% (sample B90). Considering the values of the
confidence intervals of the particular results, it has to be stated that essential variations in the values of
Ng occurred for all irradiated samples except for samples L40 and L90. A reduction in the contents of
the uncrosslinked fraction in the particular samples upon the increase in the radiation dose points out
the fact that the crosslinking becomes more effective. However, the radiation modified blends do not
undergo the complete crosslinking since the Ng values do not fall down to zero. This may indicate that
the applied amount of TAIC could be insufficient for the complete crosslinking of the studied blends.
Besides, the amount of an uncrosslinked fraction at the level of 10% or 25% is relatively large anyway.

The data shown in Figure 1 also indicate that the gel fraction does not form in the non-irradiated
samples when solely TAIC was used. This is proved by the maximum Ng values of these samples,
which are associated with the easy dissolution of those materials in the applied solvent. It is an
important piece of information because not all the low molecular weight multifunctional compounds
show a similar effect [44]. Some of them, e.g., trimethylopropane triacrylate (TMPTA), may cause the
formation of small amounts of the gel fraction in the case of several polymers already at the stage of
processing these materials and without the application of the electron radiation.
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3.2. FTIR Spectroscopy

The uncrosslinked fractions of the studied samples may exhibit various properties, which may
result from different macromolecular structures of PLA and/or PBAT after irradiation. In addition,
the blends of both types when irradiated may show slightly different weight percentages of PLA and
PBAT compared to the original blends produced at the stage of extrusion, which may result from the
crosslinking of both polymers at different degrees. This is proved to some extent by the Ng data. In the
extreme case, the uncrosslinked fraction might be composed of solely one polymer if the other one
would be completely crosslinked and adhesion at the interface between these two polymers would be
insufficient. The FTIR spectra of the L type samples (L0, L10, L40, and L90) and those of the B type
samples (B0, B10, B40, and B90) are shown in Figures 2 and 3, respectively. The results of the FTIR
measurements enable us to determine compositions of the studied samples.

Considering the FTIR spectra, only the bands characteristic of PLA or PBAT were taken into
account [45–47]. In the case of PLA, there were analyzed bands assigned to (i) the asymmetric and
symmetric stretching vibrations of the CH3 group present in the saturated hydrocarbons (2994 and
2946 cm−1, respectively), (ii) the stretching vibrations of the C=O group (1748 cm−1), (iii) asymmetric
bending vibrations of the CH3 group (1452 cm−1), (iv) the deformation and symmetric bending
vibrations of the CH group (1382 and 1360 cm−1, respectively), and (v) the stretching vibrations of the
C–O–C group (1180, 1079, and 1042 cm−1) because C–O can form a bond with different atoms and
groups, so the vibration absorptions are more complex. Moreover, the band at 869 cm−1 can be assigned
to the amorphous phase and the one at 757 cm−1 to the crystalline phase of PLA [48]. However, other
authors report that the band at 869 cm−1 can be assigned to the absorption of the (O–CH–CH3) ester
and the one at 757 cm−1 can be assigned to the rocking vibration absorption of α-methyl [49]. The bond
at 697 cm−1 is assigned to the vibrations of the carbonyl group (C=O). In the case of PBAT, in turn,
the bands ascribed to (i) the asymmetric stretching vibrations of the CH2 group (2948 cm−1), (ii) the
stretching vibrations of the C=O group of the ester bond (1711 cm−1), (iii) the skeletal vibrations of the
aromatic ring (1504 cm−1), (iv) the in-plane bending vibrations of the CH2 group (1409 cm−1), (v) the
symmetric stretching vibrations of the C–O group (1267 cm−1), (vi) the left–right symmetric stretching
vibration absorption of the C–O group (1104 cm−1), (vii) the vibrations of the hydrogen atom of the
aromatic ring (1018 cm−1), (viii) the symmetric stretching vibration of the trans C–O group (935 cm−1),
and (ix) the bending vibration absorption of CH-plane of the benzene ring (727 cm −1) were taken
into account.

Figure 2. Results of the Fourier transform infrared spectroscopy (FTIR) measurements of the samples
type L.
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Figure 3. Results of the FTIR measurements of the samples type B.

The bands characteristic of both PLA and PBAT appear in each spectrum, which indicates that all
the studied samples contain macromolecules of the two polymers. The bands of the L and B samples
that have been irradiated using the same radiation dose differ from one another in intensity only, which
results from the predominant content of one of the polymers. It is also important that the positions
of the characteristic bands in the spectra corresponding to the irradiated samples did not change, or
changed only slightly, in respect of those relating to the non-irradiated samples. This points out that
the studied samples contained no crosslinked macromolecules of both polymers.

3.3. Molecular Weight

Treatment with the electron radiation essentially influences the average molecular weights of the
polymers being modified. This is connected with the degradation of the polymers, the change in the
structure of macromolecules (e.g., branching and lengthening), or crosslinking (partial or complete).
GPC data, illustrated in Figures 4 and 5 and summarized in Table 2, indicate that effects occurring in
the samples with the predominant content of PLA are somewhat different in comparison to those in
the samples with the prevailing content of PBAT.

Two types of molecular weight distributions, i.e., monomodal and bimodal, were found in the case
of the L samples (Figure 4). The non-irradiated blend and that irradiated with the dose of 10 kGy exhibit
the monomodal distribution and molecular weights close to one another. These samples differ in the
degree of polydispersion only, which is slightly higher in the irradiated sample. The distribution peak
of the latter sample is lower and its full width at half maximum is larger compared to the non-irradiated
sample. The higher degree of the polydispersion of the irradiated sample results from the partial
radiation degradation of polylactide, which easily degrades when exposed to the electron radiation.
The difference in the degree of polydispersion may also be caused by the fact that the discussed
sample contains PLA (being susceptible to the radiation degradation) in the predominant amount.
The monomodal distribution of the molecular weight of the non-irradiated sample (L0) is due to the fact
that macromolecules of both polymers (PLA and PBAT) may probably have different hydrodynamic
volumes. This, in turn, may result in the retention times of the macromolecules of different lengths
being similar. Thus, despite the different molecular weights of the individual components of the blend,
the molecular weight distribution of L0 sample can be a monomodal.

The bimodal distribution occurs in the sample irradiated with the dose of 40 kGy, which is more
obvious when the derivative of the GPC curve is taken into account. Such a distribution is even
more evident in the case of the sample irradiated with the dose of 90 kGy. The occurrence of the
bimodal distribution indicates that the short macromolecules (degraded or non-degraded oligomeric)
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as well as the macromolecules of the molecular weight larger than that of the macromolecules of the
non-irradiated sample are present in the samples L40 and L90. This may result from the formation of
branched, elongated, or partially crosslinked structures. Furthermore, it can also be seen in Figure 4
that a shift in the positions of particular peaks in the direction of larger or smaller eluent volumes (V)
appears as the radiation dose increases. The former direction corresponds to the samples containing
macromolecules of the diminishing molecular weight, whereas the latter one corresponds to the
samples L40 and L90 only, in which the molecular weight of a part of the macromolecules increases
as the radiation dose rises. From Table 2, it also follows that the number average molecular weight
of one of the fractions of the L samples (the fraction that contains macromolecules with smaller
molecular weights, peak 2) decreased by a factor of almost six when the maximum radiation dose was
applied. On the other hand, if the fraction containing macromolecules with larger molecular weights is
concerned (peak 1), the larger molecular weight of sample L40, as compared to that of sample L90, may
result from the more effective combining of some PLA macromolecules into more complex structures
than in the sample irradiated with the dose of 90 kGy, which may facilitate the degradation of the
PLA macromolecules.

Figure 4. Results of the gel permeation chromatography (GPC) measurements for the samples with
the predominant content of polylactide (PLA) (a—GPC curves for the samples type L; b—derivatives
(dI/dV) of the GPC curves for the samples L40 and L90).

The bimodal distribution does not practically occur in the B samples (Figure 5). It can only
slightly be seen in the case of the sample irradiated with the 90 kGy dose. An insignificant peak of
the position clearly shifted to the left in respect of the remaining peaks, which is more distinct on
the derivative of the GPC curve, indicates a contribution to that sample of the macromolecules with
a larger molecular weight. However, these macromolecules should not be completely crosslinked,
but at most be elongated or partially crosslinked only. The monomodal distribution of the molecular
weight of the B0 sample before radiation treatment is due to the same reason as for the non-irradiated
L0 sample.

The shift in the positions of the highest peaks towards larger eluent volumes proves the decrease
in the average molecular weights of the B samples, occurring with the increasing radiation dose. It can
be due to the shortening of the macromolecules (degradation) or the reduction in the number of the
longer macromolecules that undergo the crosslinking while forming the gel fraction. Thus, only the
shorter macromolecules would remain in the studied sample, which had not undergone crosslinking
nor degradation. Besides, while considering the results of the Ng determination (Figure 1), one can
state that the number of the shorter macromolecules in the B samples is relatively high. The data
summarized in Table 2 also point out that the number average molecular weights of the B samples
decrease by the factor of three when they get irradiated with the maximum dose (peak 2). Thus, the
reduction in the molecular weights of the B samples is smaller by the factor of two in relation to that of
the L samples. This proves again that PLA is more susceptible to the radiation degradation compared
to PBAT.
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Figure 5. Results of GPC measurements for the samples with the predominant content of poly(butylene
adipate-co-terephthalate) (PBAT) (a—GPC curves for the samples type B; b—derivatives (dI/dV) of the
GPC curves for the samples B40 and B90).

When considering the results of determination of both the content of the uncrosslinked fraction
(Ng) and the molecular weight, one may state that the occurrence of the bimodal distribution is closely
dependent on both the weight fraction of PLA and the radiation dose magnitude. This distribution
becomes more evident when the PLA weight fraction and the radiation dose increase. This may
indicate that properties of the studied samples will be determined by the PLA phase. On the other
hand, the PLA fraction of the B samples is relatively small. Thus, the properties of those samples
should mainly be determined by the radiation dose magnitude, which was confirmed by the results of
the DSC measurements (Section 3.4, Figure 7).

Table 2. Number-average molecular weight (Mn), weight-average molecular weight (Mw), and
polydispersion degree (PD) of the samples type L and B.

Sample
Mn (kDa) Mw (kDa) PD (Mw/Mn)

Peak 1 Peak 2 Peak 1 Peak 2 Peak1 Peak 2

L0 – 71.9 – 157.4 2.2 –
L10 – 51.4 – 159.9 3.1 –
L40 356.3 22.6 440.3 55.2 2.5 1.2
L90 253.0 13.0 354.4 33.3 2.6 1.4
B0 – 53.5 – 115.4 2.2 –

B10 – 50.3 – 158.9 3.2 –
B40 – 38.7 – 99.2 2.6 –
B90 393.2 21.2 458.5 50.3 2.4 1.2

3.4. DSC Results

The DSC second heating curves recorded for the samples L and B are shown in Figures 6 and 7,
respectively. The data concerning particular phase transitions are summarized in Table 3. They include
the glass transition temperature (Tg) of the PLA phase, the cold crystallization temperature (Tcc) of the
PLA phase, the cold crystallization enthalpy (Hcc) of the PLA phase, the melting temperature of the
crystalline phases of PBAT (Tm (PBAT)) and PLA (Tm (PLA)), and the enthalpies of the melting of the
crystalline phases of PBAT (Hm (PBAT)) and PLA (Hm (PLA)). Detailed discussions on the observed
phenomena is presented for the samples L and B separately.
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Figure 6. DSC curves recorded for the samples type L.

Figure 7. DSC curves recorded for the samples type B.

Table 3. Data derived from the differential scanning calorimeter (DSC) curves recorded for the samples
type L (Figure 6) and B (Figure 7).

Sample Tg (◦C) Tcc (◦C) Hcc (J/g) Tm (◦C)
(PBAT)

Tm (◦C)(PLA) Hm(J/g)
(PBAT)

Hm*(J/g)
(PLA)

Peak 1 Peak 2

L0 57.0 124.0 7.2 – 149.4 – – 7.2
L10 54.6 120.7 12.9 – 147.5 153.3 – 13.0
L40 51.5 107.9 18.2 – 141.0 150.2 – 20.3
L90 48.2 102.2 17.5 – 136.3 147.1 – 21.6
B0 57.5 – – 120.4 148.5 – 7.2 2.4
B10 56.2 – – 120.2 148.3 – 8.8 0.8
B40 56.1 113.2 2.1 – 146.4 153.5 – 2.8
B90 54.1 103.9 4.2 – 142.2 150.5 – 4.2

* Hm = Hm, peak1 + Hm, peak 2.

3.4.1. Analysis of the DSC Results for Samples L

The lowering of the glass transition temperature by ca. 9 ◦C occurred in the region of the glass
transition of PLA as the radiation dose was increased (Figure 6). This could be caused by the presence
in the studied samples of the short macromolecules or oligomeric structures, acting as plasticizer and
being, e.g., products of the radiation degradation of PLA or PBAT. The glass transition temperature of
PBAT could not be determined since it lies in the region far below 0 ◦C (beyond the studied range).

The cold crystallization occurs in all the studied samples over the temperature range of ca.
102–125 ◦C. It appears only in the temperature region characteristic of the cold crystallization of PLA,
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which indicates that the polylactide phase of the samples was initially amorphous. A lack of the peak
corresponding to the cold crystallization of PBAT indicates that the phase of this polymer exhibited
maximum crystallinity. Besides, the PBAT fraction in the L samples was small and the effect connected
with the cold crystallization of that polymer could hardly be noticed. From Figure 6, it also follows that
the cold crystallization temperature of the PLA phase decreases and the cold crystallization enthalpy
of that phase increases as the radiation dose rises. Such a relationship points out that the rate of
ordering of the macromolecules increases as the radiation dose increases. This can occur when the
macromolecules become shorter or adhesion at the interface improves (in the case of the polymer
blends) and the transport barrier to crystallization becomes reduced. The latter effect seems to be
confirmed by the reduction of the full width at half the maximum of the cold crystallization peaks with
the rising radiation dose. The increase in the cold crystallization of PLA upon the rising radiation dose
may also be caused by the nucleation effect of the shorter macromolecules of PBAT [50].

Slight changes in crystallinity of the studied samples could be observed as well. The crystallinity
was determined from both the cold crystallization enthalpies and the enthalpies of melting of the
crystalline phase. The obtained data indicated that the L0 and L10 samples were amorphous because
the values of the enthalpies of cold crystallization and the melting of these samples were close to
each other. The L40 and L90 samples already exhibited some crystallinity that increased as the
radiation dose rose. This might confirm the conclusion that more extensive and quicker ordering of the
macromolecules occurs in the samples irradiated with the maximum doses, i.e., these samples exhibit
a greater ability to crystallize.

An analysis of the melting peaks of the crystalline phase gives information on the particularly
interesting effects. Figure 6 illustrates melting of only the polylactide phase. The peak assigned to the
melting of the PBAT phase cannot be seen because they occur in the region of the cold crystallization
of PLA. The weight fraction of polylactide predominates in the discussed samples and the cold
crystallization heat of PLA may be larger than the heat of the melting of the PBAT crystalline phase.
The peaks ascribed to the melting of the PLA crystalline phase are single or double. The single peak
concerns the non-irradiated sample (L0) only. In the case of the irradiated samples, the phase transition
may be reflected by a single peak with two apexes or two peaks that are almost entirely separated,
which can especially be seen in the curves of the L40 and L90 samples.

A single peak with two apexes, assigned to the melting of the crystalline phase, can often be
observed in the case of PLA and its blends with other polymers [50–52]. It reflects the melting and
recrystallization of original crystalline structures into more stable forms (in this case the melting peak
occurs at lower temperatures) and the melting of the more stable crystalline structures (the melting
peak occurs at higher temperatures). From Figure 6, it follows that the recrystallization into the more
stable crystalline structures occurs more easily in the samples irradiated with larger doses. This is
indicated by the decreasing ratio of the melting enthalpy corresponding to the lower temperature peak
to that relating to the higher temperature peak.

In the case of two separated peaks that correspond to two different phase transitions, another
effect can also occur. It concerns melting of two crystalline phases with different molecular weights,
which can appear in the radiation modified samples. This would confirm the GPC results indicating
that a bimodal distribution of molecular weights occurs in the samples irradiated with the largest
doses. Two clearly separated peaks on the DSC curves, ascribed to the melting of the crystalline phases,
correspond to the bimodal distribution of molecular weights in the same samples (irradiated with
the doses of 40 or 90 kGy), which was observed on the GPC curves. Two melting peaks can also be
seen in the case of the sample irradiated with the 10 kGy dose. However, one of them (occurring at a
higher range of temperatures) is very small and the relevant bimodal distribution was not observed
on the GPC curves. Nevertheless, the presence of this tiny peak is closely connected with a much
larger degree of polydispersion of the L10 sample with respect to the remaining samples (Table 2). This
fact may indicate that already the smallest radiation dose induces essential radiation processes in the
studied sample. However, the discussed effect, which is associated with the melting of the crystalline
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phases of two fractions with different molecular weights, is less probable or does not predominate.
This conclusion may be justified by the fact that only one peak assigned to the cold crystallization
occurs on the DSC curves of all samples, which points rather out the melting of the crystalline phase
and its further recrystallization.

The DSC results also show that the melting temperature of the crystalline phase, corresponding
to both peaks, decreases as the radiation dose increases. This is especially visible when these peaks
occur in the range of lower temperatures: the melting temperature drops from ca. 149 (sample L0) to
ca 136 ◦C (sample L90). This fact is associated with a notable reduction in the molecular weight of the
relevant samples, which can be confirmed by the GPC results. In the range of higher temperatures, the
melting temperature of the crystalline phase of the L40 sample is by ca. 3 ◦C higher than that of the
L90 sample, which results from a larger molecular weight of one of the fractions of the L40 sample as
compared to the analogous fraction of the L90 sample (Table 2).

3.4.2. Analysis of the DSC Results for Samples B

Several thermal effects of the phase transitions, occurring in the B samples (Figure 7), somewhat
differ from those observed in the samples with the predominating PLA fraction. The direction of
the change in the glass transition temperature upon the increasing radiation dose is similar to that
occurring in the L samples. However, the reduction in the values of this temperature in the B samples
irradiated with the maximum dose is smaller than that of the L samples and is equal to ca. 3 ◦C.
This is due to the effect connected with the plasticization of the samples by a part of the degraded
macromolecules of PLA or PBAT. However, the reduction in the glass transition temperature of the B
samples, due to the plasticization of those materials by the degraded macromolecules of PLA or PBAT,
is smaller compared to the L samples because the number average molecular weight of the degraded
macromolecules in the B samples is larger than that in the relevant L samples, which was shown above
(GPC results, Table 2). Thus, the ability of the plasticizer to reduce the glass transition temperature of
the relevant samples decreases as the molecular weight of the plasticizer increases.

From Figure 7, it also follows that the DSC curves of the samples non-irradiated or irradiated
with the 10-kGy dose exhibit the presence of two peaks corresponding to the melting of the crystalline
phases of PBAT (at ca. 120 ◦C) and PLA (at ca. 150 ◦C). These curves do not include the cold
crystallization peaks, contrary to the DSC curves of the L samples, in which the peaks assigned to
the cold crystallization of PLA were observed. A lack of the peak of the cold crystallization of PBAT
indicates that this phase already exhibited some crystallinity. On the other hand, the peak of the cold
crystallization of PLA is invisible because this peak and the peak corresponding to the melting of the
crystalline phase of PBAT occur over the same temperature range and one may assume that the thermal
effect of the melting of the crystalline phase of PBAT is larger than that of the cold crystallization of
PLA. The larger thermal effect of the melting of PBAT might result from the fact that the PBAT phase
was initially crystalline, the PBAT fraction predominates in the B samples and PLA hardly crystallizes.
The last statement would agree with the literature data that point out a very slow crystallization of
PLA, especially under conditions of the actual experiment, when the cooling rate was 10 ◦C/min [50].

The cold crystallization of the PLA phase is still observed in the samples irradiated with the
dose of at least 40 kGy. This is due to the reduction in the average molecular weight of the PBAT
macromolecules that, because of essential degradation of them, may act as a nucleation agent and
contribute to the cold crystallization of the PLA phase. At the same time, the two peaks assigned to the
melting of the crystalline phase of PLA occur. The peak corresponding to the melting of the PBAT
phase is invisible because, in the mentioned samples, the thermal effect of the cold crystallization of
the PLA is larger than the thermal effect connected with the melting of the crystalline phase of PBAT,
contrary to the effects observed in the samples irradiated with the smaller doses. The remaining effects,
associated with the crystallization and melting of the B40 and B90 samples, are analogous to those of
the L40 and L90 samples. Therefore, they are not discussed here.
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4. Conclusions

The results of the investigation of the uncrosslinked fraction of the radiation modified
PLA/PBAT blends discussed in the present article may contribute to a better understanding of
some phenomena occurring during the radiation treatment of the biodegradable polymers and their
blends. The applied research techniques enabled us to determine the most important changes occurring
in the studied samples.

It was found that the electron radiation causes the occurrence of various effects in the biodegradable
polymers and blends of them, which mostly depend on the composition of the materials being irradiated,
radiation dose magnitude, and the presence of low molecular weight multifunctional compounds,
such as TAIC. The investigation of the uncrosslinked fraction of the irradiated materials revealed an
occurrence of effects, such as a different amount of that fraction, changes in the molecular weights of
the macromolecules, the formation of new macromolecular structures, and thermal changes associated
with, e.g., the cold crystallization or melting of crystalline phases. All the investigated samples
contained the macromolecules of both PLA and PBAT, which indicated that any phase of both kinds of
the blends was not completely crosslinked, independently of whether a given phase predominated or
not. Much larger amounts of the uncrosslinked fractions occur in the samples of the predominating
content of PBAT, which points out that this polymer is less susceptible than PLA to the radiation
crosslinking in the presence of TAIC. This is mainly due to the presence in the PBAT structure of the
aromatic groupings and the so-called protective effect. Samples with the predominating content of
PLA more clearly exhibit the presence of the bimodal distribution of molecular weights and a larger
reduction in the molecular weight magnitudes than the samples with the predominating content of
PBAT. This shows that the intensity of the radiation degradation processes occurring in the studied
blends increases as the weight fraction of PLA rises. The macromolecules present in the samples
of both kinds of the uncrosslinked fractions exhibit different structures. In addition to the short
macromolecules formed due to the radiation degradation, the short macromolecules being only an
oligomeric fraction of the studied samples, which underwent neither crosslinking nor degradation,
may be present. The longer macromolecules, in turn, are formed rather due to the lengthening by
mutual binding at the chain ends or the formation of branched structures. There are no macromolecules
crosslinked completely, which results from the occurrence of the cold crystallization and melting of the
crystalline phases. The molecular weight of the macromolecules in the samples with the predominating
content of PBAT decreases upon the irradiation more slowly compared to that in the samples with
the predominating content of PLA. Therefore, the plasticization effect in the former samples is less
evident than that in the latter samples. As a result, the glass transition temperature of the samples
with the predominating content of PBAT decreases upon the irradiation more slowly than that of the
samples with the predominating content of PLA. The shortening of the macromolecules in the PBAT
phase, occurring with the increase in the electron radiation dose, may beneficially influence the process
of the nucleation of the crystallization of the PLA phase, which usually is hindered and runs slowly.
An increase in the electron radiation dose facilitates the recrystallization of the original crystalline
structures into more stable forms, which is especially visible in the samples with the predominating
content of PLA.

The results of the investigation of the uncrosslinked fraction of the radiation modified blends
of PLA and PBAT presented in this article, constitute only a small fragment of wider considerations
about the radiation treatment of the biodegradable polymers. Apart from that, there are many issues
connected with the explanation and verification of some phenomena and hypotheses, which requires
carrying out a larger number of additional studies. These concerns, e.g., the influence of the electron
radiation on susceptibility to the biodegradation of the biodegradable polymers and their blends,
the verification of the possibility of the occurrence of the specified mechanisms of crosslinking or
degradation, and the specification of post-radiation effects. These issues should be the subjects of
the next studies carried out by the scientists. Results presented in this article relate to issues of the
radiation treatment of biodegradable materials. The modification of the properties of these materials

293



Materials 2020, 13, 1068

by radiation treatment is poorly understood, and the modified materials in this way may be more
widely used, e.g., in medicine, tissue engineering, or the packaging sector.
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Patrycja Wojciechowska 1 , Maciej Jarzębski 3 and Katarzyna Pawlak-Lemańska 4
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Abstract: Radiation is an example of one of the techniques used for pasteurization and sterilization in
various packaging systems. There is a high demand for the evaluation of the possible degradation of
new composites, especially based on natural raw materials. The results of experimental research that
evaluated the impact of radiation technology on biodegradable and compostable packaging materials
up to 40 kGy have been presented. Two commercially available flexible composite films based on
aliphatic–aromatic copolyesters (AA) were selected for the study, including one film with chitosan
and starch (AA-CH-S) and the other with thermoplastic starch (AA-S). The materials were subjected
to the influence of ionizing radiation from 10 to 40 kGy and then tests were carried out to check
their usability as packaging material for the food industry. The results showed that the mechanical
properties of AA-S films improved due to the radiation-induced cross-linking processes, while in the
case of AA-CH-S films, a considerable decrease in the elongation at break was observed. The results
also showed a decrease in the WVTR in the case of AA-S and no changes in barrier properties in the
case of AA-CH-S. Both materials revealed no changes in the odor analyzed by sensory analysis. In the
case of the AA-S films, the higher the radiation dose, the faster the biodegradation rate. In the case
of the AA-CH-S film, the radiation did not affect biodegradation. The performed research enables
the evaluation of the materials intended for direct contact with food. AA-CH-S was associated with
unsatisfactory parameters (exceeding the overall migration limit and revealing color change during
storage) while AA-S showed compliance at the level of tests carried out. The study showed that the
AA-CH-S composite did not show a synergistic effect due to the presence of chitosan.

Keywords: biodegradable polymer; packaging materials; gamma radiation; quality; safety; food
contact materials

1. Introduction

The bioplastic market is developing an alternative to the conventional plastics used
in the packaging industry [1–4]. Global bioplastics production capacities in 2021 reached
2.42 million tons. Currently, bioplastics constitute less than one percent of the more than
367 million tons of plastic produced annually [5,6]. However, with the increase in demand
and the emergence of increasingly sophisticated biopolymers, applications, and products,
this is a constantly growing market [7]. According to the latest market data developed by
European Bioplastics, in cooperation with the nova-Institute research institute, the global
production capacity of bioplastics will increase from around 2.11 million tons in 2018 to
around 5.22 million tons in 2023 [5,6].
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Bioplastics that are biobased, biodegradable, or both have similar, or even the same,
properties as conventional plastics and offer additional environmental benefits, such as a
reduced carbon footprint or additional waste management options, such as composting [8,9].
With the presence and availability of the bioplastics market, modified and improved
properties, such as flexibility, durability, printability, transparency, barrier properties, heat
resistance, gloss, and many more, have been significantly enhanced. Owing to these
changes, bioplastics are becoming increasingly attractive to the demanding packaging
industry [10–14].

Bioplastics are a large family of materials that can be divided into the following
three main groups [15–17]: (i) biobased or partially biobased non-biodegradable plastics,
such as biobased PE (polyethylene), PP (polypropylene), or PET (polyethylene tereph-
thalate) (so-called drop-ins) and biobased technical performance polymers, such as PTT
(polytrimethylene terephthalate); (ii) plastics that are both biobased and biodegradable,
such as PLA (polylactide) and PHA (polyhydroxyalkanoates) or PBS (polybutylene suc-
cinate); (iii) plastics that are based on fossil resources and are biodegradable, such as
PBAT (poly(butylene adipate-co-terephthalate) and PCL (polycaprolactone). Biobased or
partially biobased durable plastics, such as biobased PE and PET, have the same proper-
ties as polymers produced from petroleum, this is why can be mechanically recycled in
the existing recycling streams. In addition, materials such as PLA and PHA (produced
from raw materials such as starch) have good barrier properties, which are important
for the packaging industry, and are biodegradable and compostable (if confirmed by the
appropriate certificate) [5,6,18–20].

Biodegradable shopping and waste collection bags are available on the consumer mar-
ket. A new market potential (niche) is emerging for rigid bioplastics, including food pack-
aging and take-out meals, disposable cutlery, and stationery. The portfolio of biodegradable
products for the automotive and agriculture sectors is also expanding to the consumer
electronics [21–23].

The components that appear in the tested materials in the context of the impact of
gamma radiation are briefly discussed below. Aliphatic–aromatic copolyesters (AAC) are a
hybrid combination characterized by good strength properties and resistance to the thermal
degradation of aromatic polyesters and biodegradability, due to the presence of aliphatic
polyesters [24,25]. Aromatic polyesters exhibit water hydrolytic resistance due to the hy-
drophobic benzene rings in their chemical structure, while aliphatic polyesters undergo
spontaneous hydrolytic degradation under the influence of moisture because they contain
short methylene chains separated by ester bonds. They are also biodegradable in the pres-
ence of enzymes [26]. AAC degradation carried out in compost under elevated temperature
conditions is significantly different from degradation in aquatic environments. In liquid me-
dia, the AAC degradation process is usually much slower, which is mainly due to the lower
temperature and composition of the microflora [27]. The aliphatic–aromatic polyesters
include PBTA copolyesters (based on terephthalic acid, adipic acid, and 1,4-butanediol)
and PBTS copolyesters (based on terephthalic acid, succinic acid, and 1,4-butanediol). The
relatively low price of AAC compared to PHA and PCL, as well as its good utility and pro-
cessing properties, favor the development of this group of plastics. Based on the efficiency
tests of the radiolytic emission of hydrogen G(H2) during irradiation, it can be assumed
that AAC is radiation-resistant in the scope of low-dose applications [28].

Starch is a polysaccharide that consists of amylose and amylopectin. The ratio of
these polysaccharides depends on the source of starch (potato, rice, corn, etc.). The effect
of ionizing radiation on starch is demonstrated through the ways in which glycosidic
bonds break in the polymer and modification of its crystalline structure [29]. Materials
based on starch are brittle and hydrophilic, which limits their processing and use. To
overcome this problem, starch is mixed with various synthetic and natural polymers.
Mixtures of starch with various compostable polymeric materials show insolubility or
exhibit enhanced strength and other advantageous features. Usually, starch-based mixtures
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exhibit favorable strength, processing, and performance characteristics, e.g., they have
greater water resistance [30,31].

Chitosan (poly [β-(1,4)-2-ammonium-2-deoxy-D-glucopyranose) is a pseudo-natural,
non-toxic biopolymer [32–34]. It is made of N-acetyl-D-glucosamine and D-glucosamine
residues connected by β-1,4-glycosidic bonds. It is industrially obtained by the chemical
N-deacetylation of chitin, which is the main component of the cell wall of fungi of the
class Zygomycetes, e.g., Absidia, Mucor and Rhizopus. It is also found in the outer skeletal
structures of numerous invertebrates, including crustaceans and insects [35]. Its hydrophilic
nature and sensitivity to changes in the pH of the environment mean that the stability of
chitosan is much worse than that of chitin. It dissolves well in aqueous acid solutions.
Crosslinking causes an increase in the space between the chains, which results in the
partial degradation of its crystalline structure and a decrease in its solubility. Chitosan is a
bioactive, biocompatible, biodegradable, non-toxic polymer with high adhesion, which is
why it is used in many fields, including agriculture, environmental protection, food, and
the cosmetics industry, as well in biomedicine [36–39]. Due to its antimicrobial properties,
chitosan can be used in food products to extend their shelf life and as an ingredient in
packaging films. Chitosan and its derivatives have strong biocidal activity against various
groups of G(+) and G(−) bacteria, fungi, and viruses. The properties of chitosan depend on
its molecular weight, degree of deacetylation, concentration, pH, and the composition of
the environment in which it is located. Chitosan can be made into films that exhibit high gas
barriers. However, their fragility requires the use of plasticizers such as polyols (glycerine,
sorbitol and polyethylene glycol) and fatty acids (stearic and palmitic acid) [40]. Mathew
and Abraham reported that the physical modification of starch–chitosan mixtures with
gamma radiation or ultrasound can modify them through cross-linking, thereby improving
the functionality of the materials [41].

When analyzing the possibility of using packaging materials in radiation technologies,
the risk concerning the potential packaging–product interaction should be considered [42,43].
Gamma irradiation is not a surface treatment, because the photon energy is high enough to
penetrate the materials [44]. The impact of ionizing radiation on the polymer may lead to
the formation of free radicals, and the formation of reactive intermediates. These reactions
may occur during direct contact and may be deferred in time and their effects may be
delayed [45,46]. There is a risk leading to unsatisfactory barrier properties, or exceeding
the limit of overall and specific migration, as stipulated by Regulation (EC) No. 1935/2004
of the European Parliament [47], Commission Regulation (EU) No. 10/2011 [48] and the
requirements of the Commission Regulation (EC) No. 2023/2006 [49] for materials and
articles intended to come into contact with food.

Ionizing radiation is an alternative method to conventional methods of product preser-
vation and sterilization, guaranteeing a high degree of hygienization during storage and
use. Various food and industrial products can be subjected to radiation sterilization, for
example surgical implants, medical utensils, special purpose food, or herbs and spices. The
originality of the use of ionizing radiation to combat pathogens involves the sterilization of
the packaging before filling or sterilization of the packaged product. Maintaining the spe-
cific properties of the product in the irradiation process and protection against secondary
contamination requires the use of appropriate packaging, which must additionally meet
the requirements of radiation treatment.

Research on the impact of ionizing radiation on packaging made of various materi-
als, including plastic, has been carried out for many years, but there are few reports on
biodegradable materials [50,51]. A prerequisite for considering the application potential of
new solutions in radiation technologies is the identification of the possible changes caused
by ionizing radiation. This is important because it can lead to the process of cross-linking
or degradation of the material, and the chemical substances formed as a result of radiolysis
can cause negative phenomena (e.g., sensory changes), which may only become apparent
after a certain period.
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The widespread use of biodegradable materials, as well as other packaging materials,
requires verification of the compliance with the requirements in at least two aspects, which
are as follows: the technological conditions in radiation pasteurization/sterilization and
safety of use, which is reflected in the applicable law. The aim of the research was to deter-
mine whether the increasing dose of ionizing radiation up to 40 kGy affects the structure
and properties of biodegradable films and flexible films for food packaging, including an
aliphatic–aromatic copolyester with thermoplastic starch (AA-S) and an aliphatic–aromatic
copolyester with chitosan and thermoplastic starch (AA-CH-S), and whether it is advisable
to conduct further research with these materials and their composites.

2. Materials and Methods
2.1. Materials

Tests were conducted on biodegradable and compostable flexible films for food pack-
aging, including an aliphatic–aromatic copolyester with thermoplastic starch (AA-S) and
an aliphatic–aromatic copolyester with chitosan and thermoplastic starch (AA-CH-S) as
presented in Table 1. Both materials are commercially available and were purchased directly
from the manufacturers.

Table 1. Samples’ description.

Sample Characteristics Symbol

Aliphatic–aromatic copolyester
with chitosan and thermoplastic

starch film

Flexible film, milky, translucent, food
contact material; industrially compostable

(about 14 days)
AA-CH-S

Aliphatic–aromatic copolyester
with thermoplastic starch film

Flexible film, creamy yellow, food contact
material; industrially compostable AA-S

2.2. Mechanical Properties

The tensile properties of the films in the machine direction (MD) were tested accord-
ing to the standard ISO 527-1 and ISO 523-3 [52,53], using a universal testing machine
Zwick/Roell Z005 (Ulm, Germany) equipped with testXpert II V3.7 software. The tensile
characteristics were measured at room temperature with a crosshead speed of 200 mm/min.
Film tensile strength (σM) and elongation at break (εB) were evaluated. The reported data
represent the average of 10 measurements. The samples before testing were climatized at
23 ± 2 ◦C, with an air humidity of 50 ± 5%.

2.3. Overall Migration

Migration tests were performed based on the appropriate relative standards, which
specify the type of contact between the packaging material and a simulant, and the time
and temperature in which the test is carried out. The conditions of the test reflect risks
that are higher than the real risks, while the principle of the “worst case scenario” ensures
that the application of food contact materials (FCMs) is safe in their real conditions of use.
Under EU/10/2011, all packaging materials should (which is understood as “must”) meet
the requirements concerning overall migration (OML, overall migration limit) and specific
migration (SML, specific migration limit). The OML means the total of the non-volatile
substances that are transferred from the packaging material or article into a simulant
(a liquid imitating food). The residue is expressed in milligrams and square decimetres
(mg/dm2) on the sample’s surface, which is in direct contact with the simulant. OML
cannot exceed 10 mg/dm2 (or 60 mg/kg of food stuff in the case of products intended for
infants and young children) of the non-volatile substances that diffuse from the surface of
the material, which comes into direct contact with food. In the case of packaging that is
suitable for all kinds of foodstuff and food simulants, A (or water), B (acetic acid 3% (w/v)),
and D2 (vegetable oil) are used for the migration test. The selection of test conditions and
the methodology were decided based on the standard EN 1186-1, EN 1186-3 [54,55]. The
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method of total immersion was used, using two food simulants, water and food simulant D1
(ethanol 50% (v/v)), for 10 days at a temperature 60 ◦C. The contact surface of the material
with the model fluid was 2.0 dm2, according to the guidelines of the above-mentioned
standards. The film edge surface was omitted. The test was performed in five replicates for
each of the model fluids (water and ethyl alcohol).

2.4. Sensory Analysis of Packaging Materials

Organoleptic (olfactometric) evaluation is a test that is complementary to migration
tests. It is a non-instrumental analysis carried out with the help of the human senses
(sight, taste, and smell). The test allows the verification of whether the material releases
volatile compounds that cause odor formation in the packaging material. Fragrances
can arise from the degradation products of plastics or processing additives (dyes and
plasticizers), solvents or printing inks. Sensory analysis can be extended with instrumental
identification methods. Confirming the sensory indifference of the packaging material
in direct contact with food is a key aspect of the packaging material’s compliance with
EC/1935/2004 (Art. 3) [47]. Sensory evaluation was carried out following the standardized
methods described in the standards. The test was conducted by an experienced team of
six specialists in the field of sensory analysis. The samples were prepared based on the
methodology of Regulation 10/2011 from 14 January 2011 on plastic materials and products
intended to come into contact with food, which specifies the requirements and tests of
global migration. Distilled water was chosen as the model fluid. The test was carried
out following the methodology of DIN 10955: 2004 [56]. A five-grade scale of flavor or
aroma intensity was used, where 0 means that there is no noticeable aroma transfer and no
flavors; 1—the transfer of smell/unpleasant aftertaste is palpable (still difficult to define);
2—moderate odor/unpleasant aftertaste transfer (the assessor can generally determine
the origin of the smell, but no specific substance can be identified); 3—moderately strong
odor/unpleasant aftertaste; 4—strong transfer of smell/unpleasant aftertaste (the assessor
can identify the responsible substance) [56]. It was assumed that the median of 3 or more
results is inconsistent with the provisions of EC/1935/2004, art. 3 [47].

2.5. Oxygen Transmission Rate

The oxygen transmission rate (OTR) was determined by ASTM F3136 [57], using
the OxyPerm system that consists of the Oxysense 325 oxygen analyzer and dedicated
test chambers for oxygen permeation measurements. Periodic measurement of oxygen
concentration within the test chambers during the permeation process was based on the
fluorescence quenching time measurements obtained by ASTM F2714-08 [58].

The test samples were cut in the shape of squares with a side of 6.5 cm. Then, the
samples were placed in the test chambers, which were flushed with nitrogen (5.0 purity)
to obtain an oxygen-free atmosphere. Then, the OTR measurements began, consisting of
the periodic measurement of the oxygen concentration inside the measuring chambers. It
was assumed that the end of the study was the moment in which the correlation coefficient
between the individual measurements was greater than 0.95. The OTR measurements
(cc/m2/24 h) were performed in controlled conditions at a temperature of 23 ± 2 ◦C and a
relative humidity of 60 ± 10%, respectively. The test was performed in three replicates for
all variants of the investigated materials.

2.6. Water Vapor Transmission Rate

The water vapor transmission rate (WVTR) was determined according to ASTM
E96/E96M-16 [59], using the desiccant method and the EZ-Cup Vapometer (Thwing-Albert
Instrument Company, West Berlin, NJ, USA). The Vapometer consists of an aluminium
cup and threaded flanged ring with two neoprene gaskets and with an additional Teflon
seal that holds the specimen in place. Specimens were cut into a circular shape with a
diameter of 74 mm. The measuring cups were first filled up to 3

4 of their internal height
with silica gel (previously dried), which was used as a water absorption agent (desiccant).
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The specimens were then placed between the two mentioned rubber gaskets, fitted onto the
cup collar and pressed down using the threaded aluminium ring. The effective diameter of
the specimen exposed to the environment was 63.5 mm. Next, the cups were placed in a
controlled climatic test chamber that operated at a temperature of 23 ± 2 ◦C and a relative
humidity of 60 ± 10%, respectively. The cups were weighed periodically using a laboratory
balance until 10 data points were collected. The water-vapor transmission rate (WVTR)
was calculated as follows [60]:

WVTR =
∆W
t·A (1)

where WVTR represents the water vapor transmission rate (g·m−2·d−1); ∆W is the weight
change (g); t indicates the time of the experiment (h); A is the test area (m2).

2.7. Color Measurements

The color of the AA-CH-S and AA-S films was analyzed by using the tristimulus
colorimeter MINOLTA CR310. Standard CIE conditions with illumination were used. The
configuration included the illuminant D65 and an angle of 10. The readings were taken
using the CIELAB system (L*, a*, b*), and presented as the L* value (color brightness).
The results are expressed as the mean value of five measurements. Color was evaluated
for the bioplastics AA-CH-S and AA-S before and after ionization irradiation after the
12-month storage period. Based on the obtained results, the total color difference (∆E) of
the irradiated film samples stored for 12 months concerning the non-irradiated material
(sample 0) was calculated. Color change (∆E) can be calculated from the following equation:

∆E =

√
(∆L)2 + (∆a)2 + (∆b)2 (2)

where L is the lightness (also referred to as luminance) parameter (maximum value of
100 represents a perfectly reflecting diffuser; the minimum value of zero represents the
color black); a is the axis of the red–green character (+a = redder; −a = greener); b is the axis
of the yellow–blue character (+b = yellower; −b = bluer) [61].

For the interpretation of data, the criterion of the International Commission on Il-
lumination CIE regarding the acceptability of color was adopted. When 0 < ∆E < 1, the
observer does not notice the color difference; when 1 < ∆E < 2, only an experienced observer
notices the color difference; when 2 < ∆E < 3.5, the color difference is noticeable for an
inexperienced observer; when 3.5 < ∆E < 5, the color difference is noticeable; when 5 < ∆E,
the observer notices two different colors.

2.8. Structure Analysis by Fourier Transform Infrared (FTIR) Spectroscopy

Spectral profiles of the non-irradiated and irradiated biofilms were recorded in the
reflection mode in the range 4000–400 cm−1 with a resolution of 1 cm−1 by an attenuated
total reflection Fourier transform infrared spectroscope (Perkin-Elmer Spectrum 100 IR,
ATR, Waltham, MA, USA). Spectra of the biofilms were recorded at room temperature
directly on the diamond crystal. Each spectrum recorded was an average of 16 successive
scans. In addition, ten acquisitions were performed for each experiment by the manual
rotation of biofilm samples. The ten replicates for each sample of non-irradiated and
irradiated biofilms were averaged before further data processing and the mean spectra
for each were used in subsequent analysis. Principal component analysis (PCA) was
performed on the IR transmission spectra in the range of 4000–400 cm−1. The cross-
validation method was used to check the models. Multivariate data analysis was performed
using the Unscrambler 9.7 software (CAMO, Oslo, Norway).

2.9. Surface Morphology Using SEM Microscopy

The surface microstructure of the films was studied using a scanning electron mi-
croscope (SEM; Zeiss EVO 40 with the electron accelerating voltage of 17 kV). Before the
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analysis, the surfaces of the films were coated with gold (Sputter Coater SCD 050). The
images were taken at the magnification of 500×.

2.10. Biodegradation in the Activated Sludge Environment

The biodegradation test was carried out under active sludge conditions. The test
proceeded for 70 days at a temperature of 55 ◦C. Periodic weight loss measurements were
applied using the weight method with an accuracy of 0.0001 g, every 14 days. Due to the
equipment capabilities and long analysis time, samples irradiated under air conditions
were used with two doses of 10 and 40 kGy; all the samples were run in triplicate. The
presented results are a preliminary attempt to determine the biodegradability of the tested
materials in a liquid environment.

3. Results and Discussion
3.1. Materials

The radiation process was conducted on a laboratory scale using a cobalt (60Co)
gamma radiation chamber GC 5000 with a dose rate of 8.5 kGy/h. The following radiation
doses were used: 10, 20, and 40 kGy. The samples were conditioned before radiation
process under the following standardized conditions: 22 ± 2 ◦C and a relative air humidity
of 65 ± 2%.

3.2. Mechanical Properties

In the case of the AA-CH-S film that contained three components (an aliphatic–
aromatic copolymer, starch, and chitosan), the changes in the tensile strength caused
by the radiation were small and rather accidental (Figure 1). A further increase in the
radiation dose (from 10 to 40 kGy) did not cause a significant change. On the other hand, a
significant decrease in the elongation at break was observed (Figure 2) from about 400%
for the control sample to 50–80% in the case of the irradiated samples. This is possibly
due to the phenomenon of creating additional bonds, and thus reducing chain mobility. It
is noteworthy that the impact on the elongation at break values remained at a low level
regardless, of the radiation dose applied (10, 20, or 40 kGy).
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The AA-S film was characterized by higher mechanical strength than the AA-CH-S
film (Figure 1). Interestingly, an increase in the radiation dose (from 10 to 20 and 40 kGy)
caused a slight increase in the tensile strength values from 8 MPa for the control sample to
9.4 and 9.1 MPa, respectively. An increase in the elongation at break values, from 145% for
the reference sample to 239% and 245% for the samples treated with the radiation doses of
10 and 20 kGy, respectively, was also observed (Figure 2). A further increase in the radiation
dose to 40 kGy resulted in a decrease (157%) in the elongation at break value.

3.3. Overall Migration

The overall migration analysis revealed that in the case of the AA-CH-S sample, the
migration size exceeds the permissible limit of 10 mg/dm2, according to the Commission
Regulation (EU) No. 10/2011 [48], regardless of radiation dose; therefore, this material
cannot be allowed to come into contact with hydrated food and oil in water emulsions
(Figure 3). Interestingly, the allowed limit (Figure 3, red line) was also exceeded in the case
of a reference sample. In the case of AA-S, the values did not exceed the acceptable level of
overall migration, regardless of the radiation dose.

3.4. Sensory Analysis of Packaging Materials

The study allows for the assessment of the intensity of free volatile compounds, the
presence of which may affect the sensory neutrality of the packaging. Packaging materials
comply with FCM requirements only if they meet the limits for global, specific migration
and sensory inertness. Failure to meet the requirements of even one parameter disqualifies
the material as safe for FCMs. In some cases, the human senses, although burdened with
many restrictions regarding the reception of stimuli, can detect a foreign flavor note, which
remains on the verge of detectability of the used instrumental methods, which is why this
research has become popular in the packaging industry in recent years. The results of the
sensory analysis are complemented by an analysis of volatile organic compounds (VOCs),
which can be derived from packaging components, printing inks, and other contaminants.
Examples of such VOCs are acetone, cyclohexanone, ethanol, methyl ethyl ketone, ethyl
acetate, toluene, and others.
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Some food products, especially those containing significant amounts of fat, are partic-
ularly sensitive to foreign smells, which can be detected by consumers. These products,
e.g., butter cookies, chocolate, almonds, and mineral water, are used as indicator products
in the sensory testing of packaging materials. Sensory evaluation can be carried out accord-
ing to the standardized methodologies described in the standards. The test is performed
by a team trained in sensory evaluation. In the case of an analogous food evaluation
team, the methods and reference substances are well-described and known. In the case
of sensory analysis of packaging materials, there are no flavor patterns to train and check
the sensitivity of the team. On the one hand, basic knowledge in the field of the sensory
evaluation of food is used, but the key is the sensitivity to flavors and aromas associated
with the production process of a given packaging material.

The tested samples did not have any foreign taste or smell (Table 2). The taste was
defined as neutral or close to the neutral taste of water. The smell was imperceptible or
slightly palpable. It was observed that with the increase in radiation dose, a slightly higher
level of foreign taste and smell was noticeable; however, the results were at an acceptable,
low level. On this basis, it can be concluded that radiation does not cause unacceptable
changes in the taste or smell of the packaging materials tested.

Table 2. Sensory analysis of AA-CH-S and AA-S films.

Dose (kGy) AA-CH-S
Flavor/Odor Median

AA-S
Flavor/Odor Median

0 0.0/0.0 0.0/0.0
10 0.0/0.0 0.0/0.0
20 0.5/1.0 0.0/0.5
40 0.5/1.0 0.0/1.0

3.5. Oxygen Transmission Rate

Oxygen permeability is one of the most commonly studied properties of packaging
films. The tested biodegradable plastics were characterized by considerable gas permeabil-
ity, i.e., low barrier properties. The OTR results for AA-S and AA-CH-S films presented
in Table 3 revealed that radiation does not alter oxygen permeability. No changes in the
barrier properties of the tested samples were observed, regardless of the radiation dose.
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Table 3. OTR (cc/m2/24 h) results of AA-S and AA-CH-S films.

Dose (kGy) AA-CH-S AA-S

0 85 ± 10 120 ± 15
10 80 ± 5 115 ± 5
20 85 ± 8 120 ± 10
40 90 ± 10 115 ± 10

3.6. Water Vapor Transmission Rate

The water vapor transmission rate (WVTR) data for the AA-S and AA-CH-S films are
presented in Table 4. The results showed that in the case of the AA-S sample, the radiation
caused a two-fold increase in the permeability of water vapor as a result of the radiation
for all the analyzed doses. Interestingly, no significant changes in water vapor permeability
were observed in the case of the AA-CH-S films.

Table 4. WVTR (g·m−2·d−1) results of AA-S and AA-CH-S films.

Dose (kGy) AA-CH-S AA-S

0 300 ± 30 110 ± 15
10 340 ± 30 210 ± 10
20 300 ± 40 220 ± 5
40 280 ± 10 210 ± 10

3.7. Color Measurements

The total color difference (∆E) parameter determined for the analyzed films is pre-
sented in Table 5. The results showed that in the case of both tested materials, the magnitude
of the changes correlated with the radiation dose used. However, in the case of the AA-S
sample, the color changes remained at an acceptable level of ∆E < 1, since the observer did
not notice the color difference. In the case of the AA-CH-S sample, the changes in color
were more pronounced (∆E < 1) only for the radiation dose of 10 kGy. For the radiation
dose of 20 kGy, the changes in color can be noticed by an experienced observer, and for the
radiation dose of 40 kGy, the color difference is noticeable.

Table 5. The average total color difference (∆E) results for the analyzed films.

Dose (kGy) AA-CH-S AA-S

10 0.77 0.21
20 1.62 0.28
40 3.79 0.36

3.8. Structure Analysis by Fourier Transform Infrared (FTIR) Spectroscopy

The aim of the study was to characterize the changes in the structural properties
of the biofilms (AA-S and AA-CH-S) during ionization irradiation with different doses.
For spectral characteristics, infrared spectroscopy was used. The FT-IR spectra of the
non-irradiated AA-CH-S sample are presented in Figure 4.

The following bands were recognized in these spectra according to the literature
data [62–64]: aromatic ring stretching vibrations of the C-H group (3321 cm−1); aliphatic
chain stretching vibrations of the C-H groups (2956 cm−1); stretching vibrations from
the carbonyl groups C=O (1723 cm−1); aromatic ring stretching vibrations of the C=C
group (1541 cm−1). In the tested material, the presence of chitosan is most likely indi-
cated by the band that is visible at the wavelength 2916 cm−1. The intensive band at
1723 cm−1 that is characteristic of C=O binding may be caused by the degradation of
chitosan, while the medium intensity band at 1386 cm−1 may originate from the C-H defor-
mation vibrations in the chitosan methylene groups. By comparing the band characteristics
of polysaccharides (1200–1030 cm−1), pyranose rings (785–730 cm−1), and the spectra of a
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material that contained corn starch, the presence of starch in the AA-CH-S material was
confirmed [62–64].
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For the comparison, the mid-infrared spectra were registered and analyzed for the
non-irradiated AA-S film (Figure 5).
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The following bands were recognized based on the literature data (Figure 5) [62]:
aromatic ring stretching vibrations of the C-H group (3326 cm−1); aliphatic chain stretching
vibrations of the C-H groups (2851 cm−1) confirmed by the presence of strong bands in
the region of ester stretching vibrations of C-O (1300–1100 cm−1); stretching vibrations
from the C=O carbonyl groups (1710 cm−1); aromatic ring stretching vibrations of the C=C
group (1504 cm−1); a group of bands in the range of 785–730 cm−1 also found in materials
that contained starch, derived from the pyranose ring of polysaccharides.

Principal component analysis (PCA) was performed on the recorded infrared spectra to
examine the main differences in the spectra of the examined materials irradiated by different
doses of ionization radiation. Only analyses of pure spectra, without chemometrics, show
no significant differences between the samples exposed to ionizing radiation. Infrared
spectra can be used to distinguish reference material from radiation-treated samples, but
further distinction due to the dose used is no longer possible. As a result of the PCA
analysis, we could discriminate between the samples with different doses of ionization
irradiation for the AA-CH-S and AA-S materials, respectively (Figures 6 and 7).
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Figure 6. PCA results of IR spectra of the AA-CH-S film and the score plot for two significant
principal components, PC1 vs. PC2 (non-irradiated (0 kGy) and irradiated with different doses (10,
20 and 40 kGy)).

The IR spectra of the AA-CH-S film irradiated by different ionization radiation doses
analyzed using a PCA score plot revealed the clear separation between the samples
(Figure 6). The first (PC1) and second (PC2) principal components accounted for 94.66% and
3.48% of the variance in the experimental data, respectively. The first three PCs described
over 99% of the data. PC1 was strongly positively correlated with general irradiation.
PC2 is dependent on the quantitative dose. Different levels of separation of the samples
irradiated by 20 kGy doses in comparison to the samples irradiated by 40 kGy doses may
mean irreversible changes in the structure of the material detected by IR spectroscopy.

Figure 6 presents the PCA results of the IR spectra of the AA-S material and the
score plot for two significant principal components, PC1 vs. PC2. The material was
non-irradiated (0 kGy) and irradiated with different doses. The IR spectra of the AA-S
material irradiated by different ionization radiation doses analyzed using the PCA score
plot revealed the blurred separation between the samples (Figure 7). The first (PC1) and
second (PC2) principal components accounted for 85.56% and 11.58% of the variance in the
experimental data, respectively. The first six principal components (PCs) described more
than 99% of the data for this sample (data series). PC1 was strongly negatively correlated
with the quantitative irradiation dose.
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Figure 7. PCA results of IR spectra of the AA-S film and score plot for two significant princi-
pal components, PC1 vs. PC2 (non-irradiated (0 kGy) and irradiated with different doses (10, 20
and 40 kGy)).

3.9. Surface Morphology Using SEM Microscopy

SEM microscopic images of biobased composites after exposure to radiation was made
for the surface change evaluation. The morphology of the samples’ surface is presented in
Figures 8 and 9. SEM images of the AA-CH-S film (Figure 8) revealed visible long structures
with sharp edges, which originate from the filler chitosan. More SEM microphotographs of
the AA-CH-S samples are presented in Supplementary Data in Figures S1–S18. There are
no changes in the surface morphology between the reference sample (AA-CH-S 0 kGy) and
the irradiated films.
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The AA-S film contains starch, but its grains are not recognizable in the microscopic
image and a homogenous structure can be observed. There are no visible changes or
destruction in the morphology of the reference sample (AA-S 0 kGy) or the irradiated
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sample (Figure 9). More SEM microphotographs of the AA-S samples are presented in
Supplementary Data in Figures S19–S30.
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Regardless of the dose used, neither structural changes nor physical damage during
the irradiation process were observed.

3.10. Biodegradation in Activated Sludge Environment

Biodegradation is a specific process that takes place in stages and depends on many
external factors, including the characteristics of the material, pH, and humidity of the envi-
ronment, temperature, and types of microorganisms. This work involved pilot studies on
biodegradation in activated sludge conditions for the samples irradiated with a radiation dose
of 10 and 40 kGy, and a reference material (Figure 10). The results showed that in the case
of the AA-S samples, the higher the radiation dose, the faster the biodegradation rate. In the
case of the AA-CH-S material, the radiation did not affect the biodegradation process.
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4. Conclusions

This paper presents the results of the tests that were carried out to determine the
changes in the biodegradable materials AA-CH-S and AA-S caused by gamma radiation
(10, 20, and 40 kGy exposure doses). The results showed that the mechanical properties of
AA-S were improved due to the radiation-induced cross-linking processes, while in the
case of AA-CH-S, a considerable decrease in the elongation at break was observed. The
results also showed a decrease in the WVTR in the case of AA-S and no changes in barrier
properties in the case of AA-CH-S. Both materials revealed no changes in the odor analyzed
by the sensory analysis.

Our tests attempt to determine the biodegradability of the tested materials in a liquid
environment. It has been shown that ionizing radiation, in the range of the radiation doses
applied, affected only the AA-S material. Furthermore, an important aspect of the research
was also the evaluation of the packaging–product interaction through the study of overall
migration, which determines the suitability of the packaging material for contact with
the packaged products, particularly food. The results revealed the unacceptable overall
migration of AA-CH-S. Our study showed that for new packing system development based
on natural material composites, evaluation of the radiation impact should be intensively
studied before final product implementation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ma16020859/s1, Figures S1–S18: selected SEM micrographs of AA-CH-S films taken at different
magnification; Figures S19–S30 selected SEM micrographs of AA-S films taken at
different magnification.
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