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Preface to “Advances in Biocompatible and
Biodegradable Polymers-Volume 1”

Among the strategies for reducing the negative effects on the environment effected by the
uncontrolled consumption and low potential for the recovery of conventional plastics, the synthesis
of new biodegradable and recyclable plastics represents one of the most promising methods for
minimizing the negative effects of conventional non-biodegradable plastics. The spectrum of existing
biodegradable materials is still very narrow; thus, to achieve greater applicability, research is being
carried out on biodegradable polymer mixtures, the synthesis of new polymers, and the incorporation
of new stabilizers for thermal degradation, alongside the use of other additives such as antibacterials
or new and more sustainable plasticizers. Some studies analyze direct applications, such as shape
memory foams, new cartilage implants, drug release, etc.

The reader can find several studies on the degradation of biodegradable polymers
under composting conditions; however, novel bacteria that degrade polymers considered
non-biodegradable in other, unusual conditions (such as conditions of high salinity) are also

presented.

José Miguel Ferri, Vicent Fombuena Borras, and Miguel Fernando Aldas Carrasco
Editors
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Abstract: Poly(L-lactic acid) (PLLA), as a biodegradable polymer, has attracted attention for use
as a biomaterial. In order to apply PLLA as a cardiovascular stent, stronger mechanical properties
and anti-inflammatory effects against acidic by—products are required. In this study, PLLA/PDLA
stereocomplex microparticles (SC) were developed and surface-modified magnesium hydroxide
(MH) nanoparticles with oligolactide were combined with these PLLA composites. The SC improved
the mechanical properties of the PLLA composites through the formation of stereocomplex struc-
tures. The surface-modified MH nanoparticles showed enhanced mechanical properties due to the
stereocomplex structures formed by PLLA chains and inhibited inflammatory responses by pH neu-
tralization as a result of MH. Additionally, the MH nanoparticles containing PLLA composites had
antibacterial effects and increased the viability of human vascular endothelial cells. This technology is
expected to have great potential in the development of PLLA composite materials for the production
of various medical devices, such as cardiovascular stents.

Keywords: Poly(L-lactic acid); Poly(D-lactic acid); stereocomplex; magnesium hydroxide; biodegradable
vascular scaffold; nanoparticles

1. Introduction

Biodegradable polymers are extensively used in biomedical materials for tissue engi-
neering and regeneration to facilitate the healing process [1-3]. Among them, poly(lactic
acid) (PLA) has attracted attention as a biomaterial due to its non-toxicity, elasticity,
biodegradability, good mechanical properties, and approval by the FDA. However, the pro-
duction of certain medical devices, such as cardiovascular stents, requires biomaterials to
have strong mechanical properties, and PLA is weaker than metal, resulting in recoil. Many
researchers have devoted efforts to enhancing the mechanical properties of PLA. Wang et al.
reported on the fabrication of tough PLA composites by adding poly(butylene adipate—
co—terephthalate) (PBAT) and using a multifunctional epoxy oligomer as a crosslinker [4].
Deng et al. reported the development of PLA blends including ethylene-acrylic ester—
glycidyl methacrylate terpolymers (EGMAs) via reactive blending and crystallization by
annealing to obtain super—toughened PLA [5]. However, although the methods described
above can improve the mechanical properties of PLA, they can also cause toxicity in the
human body. Among the various methods for improving mechanical properties, the forma-
tion of stereocomplex structures is a method which allows for excellent biocompatibility.

Polymers 2022, 14, 3790. https:/ /doi.org/10.3390/ polym14183790 1
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The stereocomplex structures formed by the mixing of enantiomeric poly(L-lactic acid)
(PLLA) and poly(D-lactic acid) (PDLA) increase intermolecular interactions through the
formation of hydrogen bonds and dipole-dipole interactions, resulting in tightly packed
chains side by side, improving thermal stability, hydrolysis resistance, and mechanical
properties [6-8]. Im et al. described the improvement of mechanical properties by in situ
self-nucleated polymerization of PLLA using stereocomplex polylactide (SC-PLA) as a
nucleating agent [9].

PLLA as polyester is degraded by hydrolysis in the body to produce lactic acid
by—products. The lactic acid produced decreases local pH and induces inflammatory re-
sponses [10,11]. In our previous studies, the acidic by—products of biodegradable polymers
were neutralized using magnesium hydroxide [Mg(OH),, MH] [12-14]. MH is a biocompat-
ible inorganic particle that has been widely used as an antacid agent. The pH-neutralizing
effect of MH was found to reduce inflammatory response and improve tissue regeneration.
In addition, MH has antibacterial properties [15,16]. Heydarian et al. reported that bacterial
infection occurs the expression of pro-inflammatory cytokines, such as interleukin-6 (IL-6),
interleukin—6 (IL-8), and tumor necrosis factor-oc (TNF-«), in cells [17]. Unfortunately, the
hydrophilic inorganic particles, such as MH, in hydrophobic polymers are aggregated and
weaken the mechanical properties of the materials. To overcome these problems, many
researchers have studied the surface modification of inorganic particles using ricinoleic
acid, stearic acid, polylactic acid, and silane to improve interfacial bonding between PLLA
and inorganic particles [18-22]. Previously, we have studied the surface modification of
MH using monomers and oligomers of PLLA, such as DL-lactide, oligo(DL-lactic acid)
(ODLLA), and oligo-D-lactide—¢—caprolactone (ODLCL) [23,24].

In this study, we fabricated PLLA composites including surface-modified MH nanopar-
ticles and stereocomplex microparticles (SC) which had anti-inflammatory effects and im-
proved mechanical properties. First, the SC, as homocomposites of PLLA and PDLA, were
fabricated using an oil-in-water emulsion method. Secondly, based on the findings from
our previous studies, the surface of MH was modified with oligo-D-lactide—e—caprolactone
(ODLCL) (MH-ODLCL). ODLCL, a copolymer of D-lactide and e—caprolactone, forms a
stereocomplex structure due to the domain of D-lactic acid in the matrix of PLLA. Finally,
a composite composed of PLLA, SC, and MH-ODLCL was developed by the solvent cast-
ing method and hot—pressing for the reduction of inflammatory response and improved
mechanical properties (Figure 1). After configuring the PLLA composites, the mechanical
properties, degradation behavior, and expression of inflammatory factors were evaluated.
These results indicated that the disadvantages of PLLA are mitigated and that the material
can be applied in biodegradable vascular scaffolds.
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Figure 1. A schematic illustration of the preparation of the PLLA composites. The surface of MH
was modified with ODLCL, and the SC were fabricated using PLLA and PDLA. The PLLA compos-
ites contained surface-modified MH and SC to provide anti-inflammatory effects and improved
mechanical properties.

2. Materials and Methods
2.1. Materials

Poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) were obtained from
Samyang Biopharmaceutical Corp. (Seongnam-si, Korea). L-Lactide was obtained from
DURECT Co. (Cupertino, CA, USA). D-Lactide was supplied by Haihang Industry Co.,
Ltd. (Jinan, Shandong, China). Magnesium hydroxide, e—caprolactone, poly(vinyl alco-
hol) (PVA, Mw = 13,000-23,000), tin(II) 2—ethylhexananoate, and 1-octanol were obtained
from Sigma—-Aldrich (St. Louis, MO, USA). Toluene, chloroform, n-hexane, acetone, and
dichloromethane (DCM) were supplied by Daejung Co. Ltd. (Seoul, Korea). IL-6 and
IL-8 enzyme-linked immunosorbent assay (ELISA) kits were supplied by R&D Systems
(Minneapolis, MN, USA). Phosphate-buffered saline (PBS) tablets were acquired from
Thermo Fisher Scientific (Waltham, MS, USA). Proteinase K was obtained from Bioneer Co.,
Ltd. (Daejeon, Korea).

Gram-negative bacteria (Escherichia coli (E. coli)) and Gram—positive bacteria (Staphy-
lococcus saprophyticus (S saprophyticus)) were supplied by the Korean Collection for Type
Cultures (KCTC; Daejon, Korea). Luria—Bertani broth (LB broth), Luria—Bertani broth
with agar (LB agar), nutrient broth, and nutrient agar were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

Human coronary artery endothelial cells (HCAECs) and EGM-2 media with an MV
bullet kit were obtained from Lonza (Basel, Switzerland). A cell-counting kit (CCK-8)
was purchased from Dongin LS (Korea). PBS solution was obtained from Hyclone (GE
Healthcare Life Sciences, Logan, UT, USA). All chemicals were laboratory reagent grade
and used without purification.
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2.2. Preparation and Characterization of the Stereocomplex Microparticles (SC)

The SC were fabricated using a homogenization method. PLLA solution (DCM,
2 wt%) was added to 0.5 wt% aqueous PVA solution, followed by homogenization in a
homogenizer operating at 10,000 rpm for 10 min (LSM-A, Silverson, Buckinghamshire,
England). After that, the DCM was evaporated using an evaporator (N-1300, Eyela, Tokyo,
Japan) for 3 h, and the SC were washed under centrifugation.

Field emission scanning electron microscopy (FE-SEM; S-4800, Hitachi, Tokyo, Japan)
was used to observe the surface morphologies of the SC at 15 kv with the SE mode at 3.5 k.
The samples were coated with platinum using an ion coater at 3 mA for 90 s. The average
size and standard deviation of the SC were calculated from more than 500 particles in SEM
images using Image] software (National Institutes of Health, Bethesda, MD, USA).

Differential scanning calorimetry (DSC; DSC4000, PerkinElmer, Waltham, MA, USA)
was used to analyze the thermal behavior of the PLLA, PDLA, and their composites. Under
nitrogen conditions, samples of approximately 5 mg were heated from 30 to 250 °C to
measure non-isothermal crystallization. They were measured at a heating rate of 10 °C/min.
The equation below was used to calculate the final crystallinity of homocrystallites and
stereocomplex crystallites (X; yc and X, sc, respectively):

Xo(%) = A?g:}f % 100

where AH;, stands for the melting enthalpy for crystallization, w stands for the weight
fraction of PLLA in the PLLA composites, and AH; stands for the melting enthalpy for
completely crystallized homocrystallites or stereocomplex crystallites (93 or 142 J/g). The
equation below was used to calculate the proportion of stereocomplex crystallites (fsc) [25]:

Xe,sc
(%) = —295C %100
fsc(%) Xesc + Xe,He

The crystalline structures of the PLLA, PDLA, and SC were examined using X-ray
diffraction measurements. An X-ray diffractometer (XRD; D2 phaser, Bruker, Karlsruhe,
Germany) and CuK« radiation was used to record the XRD patterns of the samples, and the
degrees of crystallinity were estimated using crystalline peak areas. Profiles were recorded
with a scattering angle range of 20 = 0-30° and a scan speed of 0.05° /s [26,27].

An attenuated total reflection Fourier transform infrared spectrometer (ATR-FTIR;
Spectrum Two FT-IR Spectrometer, Perkin Elmer, Waltham, MA, USA) with a resolution
of 4 scans at 1 cm~! and scales of 890-970 and 2920-3040 cm~! was used to record the
infrared spectra of the PLLA, PDLA, and SC.

2.3. Synthesis and Characterization of the Surface—Modified Magnesium Hydroxide

The ring—opening polymerization process was used to synthesize the OLLCL and
ODLCL. Lactide and caprolactone were mixed in a ratio of 7:3 and then placed into a
round beaker flask with toluene. After that, Tin(II) 2-ethylhexananoate and 0.0453 mM of
1-octanol 3.839 mM were added, and the flask was purged with a nitrogen atmosphere.
The polymerization occurred at 140 °C for 18 h. The synthesized oligomers were dissolved
in chloroform, then precipitated in hexane to remove unreacted monomers and dried.

The oligomer—grafted MH was synthesized by combining the hydroxylate of MH
and the carboxylate of the oligomers. The MH and oligomers (Mw ~ 7 k) at a 1:1 ratio
were placed into a round beaker flask with chloroform. After chloroform was evaporated
at 90 °C for 6 h, the mixture was reacted under vacuum conditions at 150 °C for 15 h.
The synthesized MH was washed using a co—solvent of chloroform/acetone (4:6) under
centrifugation (7000 rpm, 10 min).

FE-SEM (15 kv, SE mode, x130 k) and dynamic laser scattering (DLS; Zetasizer Nano
ZS, Malvern Instruments, Worcestershire, UK) were used to observe surface morpholo-
gies and sizes. The samples were coated with platinum using an ion coater at 3 mA for
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90 s. To observe dispersibility, the MH, MH-OLLCL, and MH-ODLCL were dispersed in
chloroform and left for 3 h at room temperature. ATR-FTIR with a resolution of 4 scans at
1 em~! and a scale of 600-4000 cm ™! was used to record the infrared spectra. Thermogravi-
metric analysis (TGA; TGA 4000, PerkinElmer, Waltham, USA) was used to measure the
grafting degree and composition. A mass—-temperature curve was recorded under the test
temperature range of 30-800 °C at a heating rate of 10 °C/min under nitrogen conditions.

2.4. Preparation and Characterization of the PLLA Composites

The PLLA composite manufacturing process was divided into two steps. In the
first step, the solvent casting method was used to fabricate the PLLA composites. After
5 g of PLLA and 10 phr of oligomer—grafted MH were added to 70 mL of chloroform,
the mixture was poured into a Teflon mold, and the solvent was evaporated at room
temperature for 24 h. In the second step, a compression molding machine (QM900A,
QMESYS, Gyangmyung, Korea) was used for the thermal melting and hot-pressing of the
composites. The composites from the previous step and the SC (5 phr) were mixed and then
hot—pressed at 160 °C for 5 min. FE-SEM (15 kv, SE mode, x500) was used to observe the
surface morphologies of the PLLA composites, and energy—dispersive spectroscopy (EDS)
connected to the FE-SEM was used to measure the chemical compositions of the specimens.
The samples were coated with platinum using an ion coater at 3 mA for 90 s. ATR-FTIR
was used to record the infrared spectra of the PLLA composites, and TGA was used to
measure the grafting degree and composition of the PLLA composites. The crystalline
structures of the PLLA composites were examined via XRD. Profiles were recorded at a
scattering angle range of 26 = 0-40° and a scan speed of 0.05°/s. The thermal behavior of
the PLLA composites was analyzed using a DSC.

2.5. Mechanical Properties

A universal testing machine (UTM; TO-101, Testone, Siheung, Korea) was used to
investigate tensile strength, elongation, and Young’s modulus, following ASTM standard D638.
The PLLA composites were produced as dumb-bell-shaped specimens (14 x 6 x 2 mm?).
They were investigated at room temperature under a crosshead speed of 10 mm/min.

2.6. Degradation Behavior

To observe degradation behavior, the PLLA composites were fabricated into rectan-
gular shapes (10 mm x 5 mm). After each sample was weighed, it was placed in 1 mL of
PBS solution at pH 7.4 with proteinase K (0.04 mg/mL). This experiment was progressed
at 37 °C for 4 days. A digital pH meter (Five Easy Plus, Mettler Toledo, Columbus, OH,
USA) was used to evaluate the change in pH at identical times. To measure the remaining
mass, a solution of the samples was washed with distilled water 3 times and dried under a
vacuum. To measure the remaining mass, the solution of the samples was removed and
dried under vacuum for 4 h. The following equation was used to calculate the weight loss

of the samples [23]:
14
Weight loss (%) = AD 100
Wep
where Wpp refers to the weight of the PLLA composites before degradation and W4p refers

to the weight of the PLLA composites after degradation for a certain number of days.

2.7. Antibacterials Assay

E. coli were incubated in Luria—Bertani broth (LB broth; 1.3022, St. Louis, MO, USA,
Sigma —Aldrich) and Luria—Bertani broth with agar (LB agar; L2897, St. Louis, MO, USA,
Sigma—-Aldrich) at 37 °C with aeration. S. saprophyticus were incubated in nutrient broth
(70122, St. Louis, MO, USA, Sigma-Aldrich) and nutrient agar (70148, St. Louis, MO,
USA, Sigma—Aldrich), also at 37 °C with aeration. After 16 h, the Gram-negative and
Gram-—positive bacteria were centrifuged and then resuspended in sterilized 0.85% NaCl
solution. The density of the bacteria solution was calculated to be approximately 104 CFU
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(colony—forming units)/mL. The PLLA composites were added to 1 mL of the bacterial
suspension for antibacterial testing. The composite scaffolds with the bacteria suspension
were incubated at 37 °C for 1 day. Then, 100 puL of diluted bacterial suspension with the
PLLA composites was spread on agar plates, and the plates were incubated overnight at
37 °C. The bactericidal effects were evaluated in terms of the CFUs using image J.

2.8. Cell Viability and Inflammation

HCAECs were grown in an EGM2-MYV bullet kit in a humidified atmosphere with
5% carbon dioxide (CO,) at 37 °C. HCAECs were seeded at a density of 5 x 10* cells/well
in a 24—well cell culture plate and treated with degradation product at 60 °C for 21 days.
After 24 h, the viability of cells and inflammatory response were determined using a CCK-
8 assay kit and an ELISA kit for IL-6 and IL-8, respectively. The processes were conducted
according to the provided protocols.

2.9. Statistical Analysis

The quantitative results were expressed as means + standard deviations (SDs).
#p <0.0001, *** p < 0.001, ** p < 0.01, and * p < 0.05 indicate statistically significant differ-
ences. Statistical significance was evaluated by one-way analysis of variance (ANOVA)
following Tukey’s method, using GraphPad Prism 7.0 software (GraphPad Software Inc.,
San Diego, CA, USA).

3. Results and Discussion
3.1. Characterization of the Stereocomplex Microparticles

The stereocomplex microparticles (SC) were fabricated using a homogenizer to provide
enhanced mechanical properties in a PLLA matrix. Figure 2A shows an SEM image of the
SC. The SC exhibited spherical morphologies and were of various sizes. The average size of
the SC measured using SEM imagery was 1.433 & 0.704 um (Figure 2B). Figure 2C displays
DSC thermograms of a second heating scan of the PLLA, PDLA, and SC. The endothermic
peak of homocrystallines of PLLA and PDLA were observed at 179 °C, whereas, for the
SC observed the two endothermic homocrystallines and stereocomplex crystallines peaks
at 178.21 and 220.28 °C, respectively [28-30]. Table 1 summarizes the corresponding
parameters for the DSC thermograms for the PLLA, PDLA, and SC. These results showed a
sharp decrease in X¢ yc and formation of X¢ sc and f. in the SC. Figure 2D shows XRD
patterns for the PLLA, PDLA, and SC. The PLLA and PDLA had large homocrystal peaks
at 20 = 16.6 and 18.8°, while the SC showed large homocrystal peaks at 26 = 16.7° as well
as stereocomplex crystal peaks at 26 = 11.8, 20.7, and 23.9° [27,31]. The FTIR spectra for the
PLLA, PDLA, and SC are presented in Figures 2E and 2F. As shown in Figure 2E, compared
to the PLLA and PDLA, the SC showed FTIR absorption at 908 cm~!, indicating 3;-helical
conformations of stereocomplex crystallines in the SC. Figure 2F displayed a low—frequency
shift of C-H stretching at 2995 to 2994 cm ™! and 2945 to 2942 cm~! by hydrogen bond
formation between two groups among C-O, C-CHj3, and C-CH,, stretching [25].

Table 1. Thermal properties of the PLLA, PDLA, and SC.

Ty T, TmHC AHy, He Tm,sc AHy, sc XcHC Xcsc fsc
() (W) “Q) (J/g) “°O) (J/g) (%) (%) (%)
PLLA 66.68 111.92 179.42 64.49 - - 69.34 - -
PDLA 66.62 104.62 179.88 63.08 - - 67.83 - -
SC 67.76 112.18 178.21 15.97 220.28 28.84 17.17 20.31 54.19
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Figure 2. (A) SEM image and (B) size distribution of SC. Scale bar: 5 pm. (C) DSC thermograms,
(D) XRD spectra, and (E,F) ATR-FTIR spectra of the PLLA, PDLA, and SC.

3.2. Characterization of the Surface-Modified Magnesium Hydroxide Nanoparticles

Figure 3A shows an SEM image of the surface-modified MH nanoparticles (MH-
OLLCL and MH-ODLCL). The sizes of both the MH-OLLCL and MH-ODLCL were
approximately 40 nm. As shown in Figure 3B, the average sizes of the MH, MH-OLLCL,
and MH-ODLCL particles in an organic solvent analyzed by DLS were 2111 & 449.8,
75.56 £ 13.24, and 76.93 =+ 10.25 nm, respectively, which were slightly larger than the sizes
determined from the SEM images due to the hydrodynamic volumes of the DLS method.
The sizes of the MH-OLLCL and MH-ODLCL were smaller than those of the MHs, because
the hydrophilic MHs aggregated in the organic solvent, whereas the surface-modified
MH-OLLCL and MH-ODLCL with their hydrophobic oligomers had high stabilities in
the organic solvent. Figure 3C shows the dispersion of the MHs, MH-OLLCL, and MH-
ODLCL. Compared to the MHs, the surface-modified MH nanoparticles showed stable
dispersity. The chemical structures of the synthesized MH-OLLCL and MH-ODLCL were
analyzed by ATR-FTIR (Figure 3D). The unmodified MHs had peaks of -OH stretching at
3699 cm~!. The peaks at 1760 cm ! of the oligomers (OLLCL and ODLCL) represented
the carbonyls of the ester groups. The MH-OLLCL and MH-ODLCL had peaks of shifted
ester bonds at 1644 cm !, which demonstrated that the OLLCL and ODLCL had been
successfully modified on the surface of the MH nanoparticles. Figure 3E shows the amounts
of OLLCL and ODLCL grafted on the surface of MHs measured by TGA. The weights
of unmodified MH nanoparticles decreased in the temperature range of 280 to 450 °C, as
the MH decomposed to magnesium oxide (MgO). The weight loss for the MHs reached
32.7% at 700 °C, and the weight losses for the MH-OLLCL and MH-ODLCL were 42.6 and
42.2%, respectively [32]. When the remaining MgO was converted into MH, the amounts
of MH-OLLCL and MH-ODLCL were 16.9 and 16.3%, respectively.
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Figure 3. Characterization of the surface-modified MHs. (A) SEM images of the MH-OLLCL
and MH-ODLCL. Scale bar: 100 nm. (B) Size distribution, (C) optical image of dispersion in an
organic solvent, (D) ATR-FTIR spectra, and (E) TGA thermograms of the MHs, MH-OLLCL, and
MH-ODLCL.

3.3. Characterization of the PLLA Composites

Figure 4A shows SEM images and corresponding EDS mappings for the PLLA,
PLLA/SC, PLLA/MH-OLLCL, PLLA/MH-ODLCL, PLLA/SC/MH-OLLCL, and PLLA/
SC/MH-ODLCL nanoparticles. All samples displayed smooth and uniform surfaces.
The distribution of C, O, and Mg elements in each sample was observed via EDX anal-
ysis. The C and O mapping results were similar across all samples. While Mg ele-
ments were not detected in the PLLA and PLLA/SC nanoparticles, they were evenly
distributed in the PLLA/MH-OLLCL, PLLA/MH-ODLCL, PLLA/SC/MH-OLLCL, and
PLLA/SC/MH-ODLCL composites. To further confirm the MH in the PLLA composites,
the PLLA, PLLA/SC, PLLA/MH-OLLCL, PLLA/MH-ODLCL, PLLA/SC/MH-OLLCL,
and PLLA /SC/MH-ODLCL nanoparticles were measured by ATR-FTIR (Figure 4B). Com-
pared with the PLLA and PLLA/SC composites, the PLLA/MH-OLLCL, PLLA/MH-
ODLCL, PLLA/SC/MH-OLLCL, and PLLA /SC/MH-ODLCL nanoparticles had an -OH
stretching absorption peak for MH at 3697 cm ~!. The amounts of MH contained in the PLLA
composites were measured using TGA thermograms (Figure 4C). The PLLA/MH-OLLCL,
PLLA/MH-ODLCL, PLLA /SC/MH-OLLCL, and PLLA /SC/MH-ODLCL composites
contained approximately 8% MH. In Figure 4D, to investigate crystallization by the stereo-
complex structures, XRD patterns were estimated. The PLLA/SC, PLLA/SC/MH-OLLCL,
and PLLA /SC/MH-ODLCL composites containing SC showed weak stereocomplex crys-
tal peaks at 26 = 11.8 [27,31]. However, a stereocomplex crystal peak was not observed for
the PLLA/MH-ODLCL because it was hidden by the strong crystal peak of MH. To further
analyze stereocomplex structures, the nonisothermal crystallization and melting behaviors
of PLA composites were evaluated by DSC (Figure 4E). Table 2 lists the thermal parameters
obtained for the PLLA composites. All samples had Tg ranges from 55 to 63 °C and a Tr, for
homocrystallines of approximately 166 °C. The PLLA/MH-OLLCL, PLLA/MH-ODLCL,
PLLA/SC/MH-OLLCL, and PLLA /SC/MH-ODLCL composites containing MH indicated
exothermic peaks at the Tr, position for stereocomplex crystallines, since the PLLA/MH
showed an exothermic peak at about 230 °C (Figure S1). However, it had a different
melting enthalpy by offsetting between the exothermic peak of MH and the endothermic
peak of stereocomplex crystallines. The melting enthalpies of the PLLA/MH-OLLCL,
PLLA/MH-ODLCL, PLLA/SC/MH-OLLCL, and PLLA /SC/MH-ODLCL composites
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were 66.00, 52.49, 32.65, and 32.04 ]/ g, respectively. The MH-ODLCL had lower melting
enthalpies than the MH-OLLCL due to their stereocomplex structures. Compared with the
MH-OLLCL and MH-ODLCL, the melting enthalpies of the PLLA/SC/MH-OLLCL and
PLLA/SC/MH-ODLCL composites were greatly reduced by the SC. The stereocomplex
crystal peak for the PLLA /SC nanoparticles was also not exhibited. Tashiro et al. investi-
gated stereocomplex crystal peaks according to PLLA /PDLA blend samples with various
L/D form ratios [33]. They demonstrated that the stereocomplex crystal peak did not
appear below a 9/1 ratio. Figure 52 shows ATR-FTIR spectra for the PLLA and PLLA /SC
particles which demonstrate the stereocomplex structures of the PLLA /SC nanoparticles.
The PLLA /SC showed FTIR absorption at 908 cm !, indicating 3;-helical conformations of
stereocomplex crystallines [25]. These results suggest that stereocomplex structures were
formed in the PLLA composites by the SC and MH-ODLCL.
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Figure 4. Characterization of the PLLA composites. (A) SEM image, (B) ATR-FTIR spectra, (C) TGA
thermograms, (D) XRD spectra, and (E) DSC thermograms of the PLLA, PLLA/SC, PLLA/MH-
OLLCL, PLLA/MH-ODLCL, PLLA /SC/MH-OLLCL, and PLLA /SC/MH-ODLCL composites.

Table 2. Thermal properties of the PLLA, PLLA/SC, PLLA/MH-OLLCL, PLLA/MH-ODLCL,
PLLA/SC/MH-OLLCL, and PLLA /SC/MH-ODLCL composites.

Ty T Tm,HC AHp HC XcHC

() (o) () (J/g) (%)

PLLA 63.37 - 167.03 8.971 9.64
PLLA/SC 55.98 111.98 167.47 28.19 30.31
PLLA/MH-OLLCL 56.51 91.78 160.58 32.46 34.90
PLLA/MH-ODLCL 56.93 93.18 161.38 30.29 32.56
PLLA/SC/MH-OLLCL 55.81 91.32 160.45 27.95 30.05
PLLA/SC/MH-ODLCL 56.32 93.79 160.55 27.45 29.51

3.4. Mechanical Properties of the PLLA Composites

The mechanical properties of the PLLA composites were investigated by UTM. Figure 5A
shows the tensile strengths of the PLLA composites. The PLLA/MH-OLLCL composite had
a similar result to pure PLLA. In contrast, the tensile strength of the PLLA/MH-ODLCL
composite increased compared to that of pure PLLA, because the MH-ODLCL formed
stereocomplex structures with PLLA chains. The PLLA/SC, PLLA/SC/MH-OLLCL, and
PLLA/SC/MH-ODLCL composites, in which stereocomplex structures formed between the
SC and PLLA chains, had significantly improved tensile strengths of 63.7, 63.3, and 64.0 MPa,
respectively. The elongation of all samples was around 2% (Figure 5B). Surface-modified
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MH and SC in the PLLA composites did not affect elongation. The Young’s moduli for the
PLLA, PLLA/SC, PLLA/MH-OLLCL, PLLA/MH-ODLCL, PLLA /SC/MH-OLLCL, and
PLLA /SC/MH-ODLCL composites were 4.06, 4.30, 4.38, 4.50, and 4.61 GPa, respectively.
The inclusion of SC increased the Young’s moduli by the formation of stereocomplex struc-
tures. The inclusion of surface-modified MH increased interaction between the PLLA chains
and the surface-modified MH, resulting in improved Young’s moduli. Among the PLLA
composites containing surface-modified MH, the PLLA/MH-ODLCL composite showed
an enhanced Young’s modulus relative to the PLLA/MH-OLLCL composite due to the
formation of stereocomplex structures. When both the surface-modified MH and SC were
included, the Young’s modulus increased further as a result of their synergistic effect, and the
PLLA/SC/MH-ODLCL composite had the highest Young’s modulus.
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Figure 5. Mechanical properties of the PLLA, PLLA/SC, PLLA/MH-OLLCL, PLLA/MH-ODLCL,
PLLA/SC/MH-OLLCL, and PLLA /SC/MH-ODLCL composites: (A) tensile strength, (B) elongation,
and (C) Young’s modulus (* p < 0.05, ** p < 0.01, *** p < 0.001, # p < 0.0001).

3.5. Degradation Behavior of the PLLA Composites

The degradation of the PLLA composites took place under accelerated conditions with
proteinase K in PBS solution over 4 days. Figure 6A shows the change in pH values for
the PLLA, PLLA/SC, PLLA/MH-OLLCL, PLLA/MH-ODLCL, PLLA /SC/MH-OLLCL,
and PLLA /SC/MH-ODLCL composites. The pH values for the PLLA and PLLA/SC
continuously decreased during degradation over the 4 days to 6.4 and 6.3, respectively.
Meanwhile, the PLLA/MH-OLLCL, PLLA/MH-ODLCL, PLLA/SC/MH-OLLCL, and
PLLA/SC/MH-ODLCL composites maintained neutral pHs at 7.22, 6.89, 6.98, and 7.08,
respectively, because the MH in the PLLA composites released basic magnesium ions
that neutralized the acidic by—products of the PLLA [34]. The residual weights of the
PLLA and PLLA/SC did not degrade and were maintained at around 100% over the
4 days. In the PLLA/MH-OLLCL and PLLA /SC/MH-OLLCL composites, the residual
weights decreased to 49.73 and 49.23%, respectively, over the 4 days. These results were
due to the accelerated degradation, as MH was initially released and water molecules
penetrated the MH-released sites. Compared to the PLLA composites containing MH-
OLLCL, the PLLA/MH-ODLCL and PLLA /SC/MH-ODLCL composites were slowly
degraded due to their being densely packed and their enhanced intermolecular interactions
(57.43 and 58.89%, respectively). Thus, the PLLA composites with MH can biodegrade
within 24 months to suppress the inflammation that occurs during long—term implantation.

10
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Figure 6. Changes in (A) pH value and (B) residual weight during degradation in PBS solution with
proteinase K at 37 °C over 4 days for the PLLA, PLLA/SC, PLLA/MH-OLLCL, PLLA/MH-ODLCL,
PLLA/SC/MH-OLLCL, and PLLA /SC/MH-ODLCL composites.

3.6. Biological Properties of the PLLA Composites

Figure 7 shows results of the investigation of the bactericidal activity of each of
the PLLA composites. Antimicrobial activity results for the PLLA and the PLLA/SC,
PLLA/MH-OLLCL, PLLA/MH-ODLCL, PLLA/SC/MH-OLLCL, and PLLA /SC/MH-
ODLC composites showed that the Gram—negative bacteria (E. coli) were inhibited by 1.72,
3.32, 70.86, 71.66, 71.75, and 71.80%, respectively, and that the Gram—positive bacteria
(S. saprophyticus) were inhibited by 11.71, 13.33, 60.62, 62.28, 62.35, and 61.07%, respec-
tively. Compared to the PLLA and the PLLA/SC, the PLLA composites containing MH
significantly inhibited both E. coli and S. saprophyticus due to the presence of MH. These
results suggest that the PLLA composites containing MH have antibacterial effects, since
the adsorption of Mg?* ions destroys bacterial cell walls and induces cell death [16,35-39].
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Figure 7. The bactericidal activity of each PLLA composite was investigated. Representative images
showing the antimicrobial activities against Gram-negative bacteria (E. coli; A,B) and Gram—positive
bacteria (S. saprophyticus; C,D) of the PLLA and the PLLA/SC, PLLA/MH-OLLCL, PLLA/MH-
ODLCL, PLLA/SC/MH-OLLCL, and PLLA/SC/MH-ODLCL composites and their respective
quantifications (# p < 0.0001).
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The cell viability of HCAECs was evaluated under treatment with L-lactic acid (L-Lac,
12 mM), the degradation product of PLLA, and with surface-modified MH (Figure S3). The
cell viability of HCAECs was reduced to 36% when treated with L-Lac. On the other hand,
the L-Lac and surface-modified MH treated groups demonstrated cell viabilities of more
than 80%. On the basis of these results, it was demonstrated that the acidic degradation
products of PLLA induced damage to HCAECs and that the MH inhibited damage to
HCAECs by neutralizing the acidic degradation products.

To investigate the biocompatibility of the PLLA composites in vitro, HCAECs were
treated with degradation products obtained under accelerated conditions (Figure 8).
Figure 8A shows cell viability at 24 h as quantified by CCK-8. Compared to the PLLA/MH-
OLLCL, PLLA/MH-ODLCL, PLLA/SC/MH-OLLCL, and PLLA /SC/MH-ODLCL com-
posites, the cell viability of the PLLA and PLLA /SC decreased due to acidic degradation
by—products. On the other hand, cell viability did not decrease for the PLLA composites
including MH due to the neutralization of the acidic degradation products by MH. In
addition, the release of magnesium ions by dissociated MH affects mitochondrial RNA
splicing protein 2 (MRS2) and transient receptor potential cation channel subfamily M
member 7 (TRPM7) and maintains the homeostasis of HCAECs [10]. The expression of
pro—inflammatory cytokines was investigated using an ELISA kit (Figure 8B,C). Compared
to PLLA and PLLA/SC, the PLLA/MH-OLLCL, PLLA/MH-ODLCL, PLLA/SC/MH-
OLLCL, and PLLA /SC/MH-ODLCL composites showed decreased expression of IL-6 and
IL-8. Consequently, MH significantly prevented noninfectious inflammatory reactions
caused by lactic acid derived from PLLA. Riemann et al. reported that an acidic environ-
ment leads to pathological gene expression and induces an inflammatory response [34,40].
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Figure 8. In vitro biocompatibility test of the PLLA and PLLA/MH, PLLA/SC, PLLA/MH-OLLCL,
PLLA/MH-ODLCL, PLLA /SC/MH-OLLCL, and PLLA /SC/MH-ODLCL composites. (A) HCAECs
cell viability with the degradation product of the PLLA composites treatment for 24 h. The expressions
of (B) IL-6 and (C) IL-8 in HCAECs after 24 h, as determined by ELISA (**p < 0.01, *** p < 0.001,
#p <0.0001).

4. Conclusions

Among biodegradable polymers, PLLA has attracted attention as a biomaterial due to
its non—toxicity, elasticity, biodegradability, and good mechanical strength. However, it is
unsuitable for producing items that require high mechanical strength, such as cardiovascu-
lar stents, and pH at the implant site in the body is reduced by its degradation products,
which induces an inflammatory response. In this study, the composite, including SC and
modified MH in PLLA, was successfully prepared for formation of sterocomplex structure
and anti-inflammatory effect.

We investigated the formation of stereocomplex structures and the anti-inflammatory
effects of SC and surface-modified MH in the PLLA composites. The PLLA composites con-
taining SC and surface-modified MH showed significantly improved mechanical properties
due to the existence of stereocomplex structures and inhibited inflammatory responses in
vascular endothelial cells. In addition, they recently displayed antibacterial effects that are
considered important in biomedical materials [39,41].
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There is a limitation to this study. Since it is known that the degradation period of
PLLA is more than 24 months, we measured the degradation behavior of PLLA composites
using proteinase K under accelerated conditions [42]. When the PLLA was hydrolyzed
at 37 °C, the pH value remained neutral for up to 40 weeks and the mechanical strength
decreased from 6 months [42,43]. Therefore, it can be inferred that the method using
proteinase K quickly passed the period of maintained mechanical strength. In a future
study, we plan to degrade the PLLA composites at 37 °C over 2 years to measure their
mechanical properties and degradation behavior.

These PLLA composites are expected to be applied in the future as biomaterials in the
production of such items as biodegradable vascular scaffolds with improved mechanical
properties and reduced cytotoxicity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14183790/s1, Figure S1: DSC thermograms of the PLLA/MH,
Figure S2: ATR-FTIR spectra of the PLLA and PLLA/SC, Figure S3: Cell viability of HCAEC in
12 mM L-Lac with surface-modified MH at a concentration of 10 phr for 24 h.
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Abstract: Fungal pathogens cause significant yield losses of many important crops worldwide. They
are commonly controlled with fungicides which may have negative impact on human health and
the environment. A more sustainable plant protection can be based on carbohydrate biopolymers
because they are biodegradable and may act as antifungal compounds, effective elicitors or carriers
of active ingredients. We reviewed recent applications of three common polysaccharides (chitosan,
alginate and cellulose) to crop protection against pathogenic fungi. We distinguished treatments
dedicated for seed sowing material, field applications and coating of harvested fruits and vegetables.
All reviewed biopolymers were used in the three types of treatments, therefore they proved to be
versatile resources for development of plant protection products. Antifungal activity of the obtained
polymer formulations and coatings is often enhanced by addition of biocontrol microorganisms,
preservatives, plant extracts and essential oils. Carbohydrate polymers can also be used for controlled-
release of pesticides. Rapid development of nanotechnology resulted in creating new promising
methods of crop protection using nanoparticles, nano-/micro-carriers and electrospun nanofibers. To
summarize this review we outline advantages and disadvantages of using carbohydrate biopolymers
in plant protection.

Keywords: phytopathogenic fungi; polysaccharides; plant protection; antifungal coatings; seed
coating; seed treatments; field applications; pre-harvest treatments; post-harvest treatments; edible
coatings

1. Introduction

Agriculture today faces a challenge of having to produce food for the growing human
population, while pests and pathogens constantly reduce the crop. Global estimates of yield
losses caused by pests and pathogens in five major food crops (including wheat, rice, maize,
potato and soybean) range from 17.2% to 30.0% [1]. Among the pathogens, fungi and
oomycetes are considered to be the most destructive [2,3]. Key aspects of biology of these
organisms, important from the epidemiological perspective, include broad host ranges,
high virulence, high reproductive potential and ability to survive outside the plant host as a
saprophyte or durable spores [3]. Fungal and oomycete pathogens pose a growing threat to
the global food security because they spread to new areas with trade and transport or due to
climate change. Moreover, common agricultural practices do not help to combat epidemics,
as genetically uniform crops are grown in large areas in monocultures while their protection
relies on single resistance genes in the plants or/and single-target-site fungicides. Selection
pressures in such agroecosystems favor prolific variants of fungicide-resistant pathogens
which are able to overcome plant resistance [4].

Introduction of first synthetic organic fungicides (thiram, zineb and nabam) in the 1940s
injtiated a rapid development of the plant protection industry. In the next three decades,
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many new active compounds representing major classes of fungicides were produced and
applied to plant protection, first to horticultural crops and then to cereals [5]. Soon fungi-
cide treatments became a common practice in agriculture and they were associated with
a significant increase in yield, ranging from 14% to 100% depending on the crop [6]. The
current list of fungal control agents includes over 230 compounds, and the development of
new ones is driven by fungicide resistance management [7,8]. However, widespread usage
of pesticides was also associated with the contamination of terrestrial and aquatic ecosys-
tems, toxic effects on non-target organisms and negative impact on human health [9,10].
The growing concerns about these problems have led to introducing regulations concerning
safe and efficient use of these agrochemicals and a registration of new active ingredients
worldwide [11]. A recent “Farm to Fork Strategy” adopted by the European Commission
aims at 50% reduction in the use of chemical pesticides by 2030 [12].

Few alternative approaches were proposed to address the challenge of significant
reduction in pesticide use. Lazaro et al. [13] suggested, based on their meta-analysis, that
50% reduction in fungicide use can be achieved by employing decision support systems,
which will help the farmers to plan fungicide application based on an observed or a
predicted risk of fungal disease. Nevertheless, the agrochemical industry responds to the
challenges in plant protection differently-by exploring other two alternative approaches:
developing advanced types of fungicides with novel modes of action and improving
application of conventional fungicides by means of targeted delivery systems based on
encapsulation technology [14]. Another approach is to search for ingredients of safer plant
protection formulations among metal/metal oxide nanoparticles, plant extracts, essential
oils, antagonistic microorganisms or food additives (e.g., [14,15]).

Carbohydrate biopolymers can also be used to develop plant protection products
which will form an alternative to conventional fungicides. These biopolymers can be ob-
tained in large amounts from many natural sources. They are also non-toxic and biodegrad-
able, and therefore suitable for use in organic agriculture. Moreover, they can interact
with many hydrophobic and hydrophilic compounds in more complex formulations [16].
There are three functions carbohydrate biopolymers may play in plant protection against
pathogenic fungi. Firstly, they may directly interact with fungi by inhibiting spore germina-
tion and mycelial growth, what was shown in case of chitosan [17,18]. Secondly, they may
act as effective elicitors inducing the plant immune system to cope with pathogens [19].
Thirdly, they may be used as carrier in controlled-release formulations of agrochemicals or
other active ingredients [16].

Plants are threatened by fungi at different stages of their growth, hence different types
of treatments were developed to ensure efficient plant protection (Figure 1). Firstly, seeds
may be colonized by pathogenic fungi or they cope with them during germination in the soil.
Therefore, various seed treatments were developed to enhance the quality of seed sowing
material and to improve plant emergence in the field [20-22]. Secondly, in the field, plants
are exposed to a variety of air- and soil-borne pathogens, hence antifungal formulations
are applied in a form of foliar sprays or soil treatments in order to provide adequate
protection [23,24]. Finally, ripe fruits and vegetables may be colonized by fungi which
decrease their storability and induce decay; therefore, additional plant protection is required
before or after harvest and it is frequently applied in a form of edible coatings [25,26].

Here we aim at reviewing recent studies on using carbohydrate polymers in antifungal
formulations dedicated for the above-mentioned stages of crop production, for: seed
treatments, use in the field and treatments of harvested crops. We will focus on three
commonly available biopolymers: chitosan, alginate and cellulose.
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Figure 1. Stages and forms of antifungal plant protection applications which can be based on
carbohydrate biopolymers.

2. Chitosan

Chitin is the second most abundant renewable biopolymer in the world [27]. It occurs
in marine shellfish, insects, mushrooms and yeast. The highest percentage content of
chitin has been observed in shells and tails of crabs, shrimps and lobsters [28]. The best-
known derivative of chitin is chitosan, which is a polycationic polymer isolated after
the deacetylation of chitin. Chitosan is a linear polymer 3-(1—4)-linked D-glucosamine
and N-acetyl-D-glucosamine. Compared to chitin, chitosan is more functional due to its
amino based functional groups stretching along the chain [29]. In addition, the protonation
intensity of amino groups also plays a vital role in its functionality. Following the process
of deacetylation, chitosan can be obtained from the solution in different forms, such as
powder, fiber and sponges [30]. The molecular weight (Mw), degree of deacetylation (DA),
ionic concentration, pH, the nature of the acid and the distribution of acetyl groups along
with the main chain essentially influence the solubility of chitosan. Being a cationic polymer,
chitosan displays instability in media with variable pH and ionic strength. This biopolymer
has a variety of unique functional characteristics, such as biodegradability, biocompatibility,
nontoxicity, antibacterial and antifungal properties. Its biological properties depend on
factors such as the DA, Mw, polymerization, viscosity and dissociation constant. It has
versatile mechanical properties, which have led to its enhancement of use in different
applications such as encapsulation technology and controlled release coatings [31].

The most useful property of chitosan in agriculture is that it can act as a trigger in
plant defense against pathogenic microorganisms. In addition, chitosan shows broad-
spectrum antimicrobial effects against bacteria, fungi and viruses. Generally, chitosan is
more effective against fungi than bacteria and it often exhibits higher inhibition effects
on Gram-positive bacteria than Gram-negative bacteria, possibly because Gram-negative
bacteria have an outer membrane structure in the cell wall affecting the cellular entry of
chitosan [32]. Chitosan is widely used in agriculture in pre- and post-harvest treatments of
crops to control microbial infections [18]. Chitosan-induced inhibition was observed in stud-
ies focusing on assessment of mycelial growth, sporulation, spore viability and germination
and the production of fungal virulence factors. Chitosan has also been applied as a sole
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ingredient or composite with other elements especially with metals particles for enhanced
anti-fungal effects [33]. For example, silver nanoparticles were incorporated into chitosan
and tested the nanocomposite formulation as an anti-fungal agent against Rhizoctonia solani,
Aspergillus flavus and Alternaria alternata isolated from chickpea seeds. Importantly from
economical point of view, chitosan affects germination and hyphal morphology fungal of
pathogens threatening harvested crops (e.g., Rhizopus stolonifer and Botrytis cinerea) [34].
This polymer also inhibits the growth of many other plant pathogenic and mycoparasitic
fungi (such as Colletotrichum spp., Alternaria spp. or Trichoderma spp.). Sensitive fungi
show energy-dependent plasma membrane permeabilization by chitosan [35]. As a broad-
spectrum fungicide, chitosan has been shown to be effective against several fungal plant
pathogens. It can effectively inhibit the development of phytopathogenic fungi at different
life-cycle stages. Chitosan has been shown to inhibit infections caused by fungi such as
B. cinerea or F. oxysporum £. sp. radicis-lycopersici [36]. The antifungal activity of chitosan on
plant depends on the type, concentration and test organism. For example, when effect of
two types of chitosan (92.1 kDa and 357.3 kDa) was tested on Penicillium italicum, at a con-
centration of 0.1%—chitosan of lower Mw was more effective in inhibiting fungal growth,
while at a concentration of 0.2%—chitosan of higher Mw showed stronger antifungal
activity [37].

Chitosan oligosaccharides (COS) are the degraded products prepared by chemical or
enzymatic hydrolysis of chitosan or chitin derived mainly from crustacean shells. They
are composed of glucosamines linked by (3-1,4-glycosidic bonds [38]. The degrees of
polymerization of COS are usually 2-20 [39]. In recent years, COS has received a lot
of attention due to their physicochemical properties, such as high water solubility, low
viscosity, biocompatibility and biodegradability. Furthermore, COS were demonstrated
to have various activities in the plant protection such as inducing plant resistance to
pathogens, promoting its growth and development and improving the quality and yield of
plant products [40].

2.1. Chitosan seed Treatments

Antifungal seed treatments provide protection against seed borne or soil borne
pathogenic fungi, which can significantly lower seed germination and plant emergence
in the field. Chitosan in such treatments is usually applied in a form of solution for seed
soaking or coating (Table 1). For example, Silva-Castro et al. [41] searched for an effective
method to protect seeds and seedlings of pine trees from Fusarium circinatum, a dangerous
pathogen threatening pine forests in Spain. They developed seed coating treatments using
low and medium Mw chitosan (20 kDa and 60-130 kDa, respectively) and/or propolis
ethanolic extract. They applied these treatments to the pine tree seeds inoculated with
the pathogen. All coating treatment resulted in improved survival of the Pinus sylvestris
seedlings under pathogen pressure. However, a low Mw chitosan treatment also had a pos-
itive influence on total phenolic content and antioxidant capacity of the seedlings; therefore,
this seed treatment was selected as the most beneficial for protection of P. sylvestris.

Effectiveness of chitosan against seed borne pathogens was studied in case of Jatropha curcas,
which is an industrial plant cultivated on many continents. Pabon-Baquero et al. [42] tested
effects of chitosan on fungi (Fusarium equiseti and Curvularia lunata) isolated from unger-
minated J. curcas seeds. Chitosan applied at different concentrations (0.5-4.0 mg mL~!)
inhibited mycelium growth and affected sporulation and spore germination of both species
in vitro. Application of chitosan on pathogen inoculated seeds reduced the infection and
had no negative effect on seed germination.

Seed borne fungi (e.g., Aspergillus niger, Alternaria alternata and Rhizopus sp.) have
a negative impact on germination of artichoke seeds leading to significant losses of this
crop. Therefore, Ziani et al. [43] tested effects of chitosan seed coatings on germination
of this crop. In all treatments, chitosan reduced number of fungi detected on seeds and
stimulated the growth of seedlings. Chitosan with lower Mw gave better results, but it
was not effective against Rhizopus. The combination of chitosan and commercial fungicide
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(tetramethylthiuram disulfide) applied at reduced concentrations resulted in a strong
antifungal protection, improved germination and seedling growth.

Antifungal activity of chitosan was also tested against a soil borne pathogen,
Fusarium solani, causing root rot in fenugreek [44]. The inhibitory effect on a mycelium
growth, dry biomass, sporulation and fungal spore germination increased with the increas-
ing concentration of chitosan (up to 2 g L™1) applied in vitro. The treatment of F. solani
inoculated seeds resulted in significantly reduced infection rate of seedlings and longer
radicle lengths. When tested in pot and field experiments, chitosan application on seeds
reduced severity of root rot disease and increased yield. Moreover, it also resulted in stimu-
lation of plant defense mechanisms because increased activity of chitinase and glucanase
enzymes was observed in chitosan treated fenugreek plants.

A poor germination of pepper seedlings in wet and cold soil became a motivation
to develop a seed treatment for this crop. Chitosan solutions (0.01-0.5%) were used to
soak the pepper seeds and then germination parameters were assessed in two different
temperature conditions. These treatments accelerated germination at 25 °C and improved
seedling emergence in the cold test by 29%. Moreover, they increased activity of chitinase
and glucanase in chitosan treated seed/seedlings compared to the untreated ones. Higher
activity of these enzymes may indicate stimulation of plant defense mechanisms which
may provide protection against fungal diseases [45].

Bio-based seed treatments with essential oils and plant extracts are becoming increas-
ingly more popular due to their natural origin, faster degradation, low environmental
impact and higher acceptance of the consumers avoiding chemical fungicides. Chitosan
nanoparticles (NPs) with garlic essential oil were prepared by encapsulation method in or-
der to protect the seeds of wheat, oat and barley. The new seed treatment, combining the two
components, resulted in a strong antifungal activity against Aspergillus versicolor, A. niger
and Fusarium oxyporum, comparable to the effects of standard tebuconazole treatment.
Moreover, the new treatment stimulated also seed germination and seedling development
what is its additional advantage apart from being an environmentally friendly alternative
to chemical fungicides [46].

Attjioui et al. [47] investigated the efficacy of partially acetylated chitosan polymers
and chitosan oligosaccharides (COS), applied alone and in combination, in vitro for their
antifungal effect against the economically important seed-borne pathogen F. graminearum.
The results showed that the antifungal activity of chitosan depends on its Mw. The analyzes
revealed a dose-response relationship of three chitosans with the same DA (10%) and
different Mw. Low Mw polymers were slightly more active than high Mw polymers or
COS. However, synergistic effects of the chitosan polymer and COS were also observed on
the growth of F. graminearum.

The combined treatment of COS and e-poly-l-lysine had a highly inhibitory effect
(inhibition rate exceeding 90%) on the destructive fungus Botrytis cinerea causing tomato
gray mold [48]. In another study on effects of COS on the same pathogen, high fungal
control efficiencies were detected and explained by that fact that COS induce plant disease
resistance [49].

2.2. Chitosan Treatments Dedicated for Field Application

Chitosan is frequently combined with metal NPs in order to lower their toxicity
(Table 2). Antifungal effects of such combination were explored by Dananjaya et al. [50]
who searched for an environmentally friendly method of controlling F. oxysporum species
complex causing infections of a broad range of plant and animals hosts. They developed
chitosan NPs and chitosan-silver nanocomposites and compared their impact on the growth
of F. oxysporum in vitro. Both solutions caused significant inhibition of fungal growth
(although this effect was significantly stronger for nanocomposite with silver), and ultra-
structural analysis revealed the signs of mycelium damage: higher membrane permeability,
disruption of the mycelium surface and cell disintegration. These findings show that
chitosan-based NPs and nanocomposites can effectively damage the pathogen and can
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be used in fungal control treatments. In another study, chitosan and its nanocomposites
with either silver NPs, ZnO or CuO were evaluated as potential antifungal agents against
Fusarium oxysporum £. sp. ciceri causing Fusarium wilt on chickpea. The strongest antifungal
effects were recorded for nanocomposites of chitosan with ZnO and CuO in tests performed
in vitro and in vivo; these nanocomposites showed also lower toxicity [51].

The impact of NPs containing copper and chitosan on Curvularia leaf spot disease and
the growth of maize were studied by Choudhary et al. [52]. Cu-CS NPs comprehensively
inhibited in vitro mycelial growth of Curvularia lunata. Plants treated with this formulation
showed lower disease severity compared to the other studied formulations (NPs, bulk
chitosan, CuSO4 and fungicide and water as control). Conclusion drawn from pot and
field experiments was that application of Cu-CS NPs unquestionably controls the disease,
boosts plant growth and yield.

Tomato plants may be attacked by Pythium spp. during early stage of growth, causing
seed rot, pre-emergence damping-off, or stem rot symptoms and by Fusarium oxysporum,
causing the most epidemic vascular wilt and root rot diseases [53]. Elsherbiny et al. [54]
examined antifungal activity of chitosan nanocomposites loaded with antioxidants (vanillin
and cinnamaldehyde). Samples were prepared by intercalation of chitosan into sodium
montmorillonite, polyaniline and incorporation of chitosan/polyaniline/exfoliated mont-
morillonite. The obtained nanocomposites showed strong inhibitory effects on the linear
growth of the target both pathogens even at 50 mg mL~! concentration.

Saponines are complex glycosidic compounds which belong to plant secondary
metabolites. Fungistatic activities of saponine-rich extracts were demonstrated by Chapa-
gain et al. [55]. In another study, saponin was one of the substances combined in NPs with
chitosan in order to enhance its antifungal properties [56]. Other NPs included chitosan,
saponin, copper or chitosan combined with copper. The prepared NPs were evaluated
for their effect on the growth of three phytopathogenic fungi in vitro. Among the vari-
ous tested formulations, NPs comprising of chitosan and copper were found the most
effective at 0.1% concentration and showed 60-90% growth inhibition of the tested fungi
and a maximum (87.4%) inhibition rate on Alternaria alternata spore germination. Pure
chitosan NPs at the same concentration showed the strongest effect on mycelial growth of
Macrophomina phaseolina. Therefore, chitosan-based NPs with or without copper can used
for plant protection in the future [56].

In another study, chitosan-pectin NPs encapsulated with carbendazim were produced.
The method of ionotropic gelation was used, and the experiment focused on fungicide re-
lease in vitro and bio-efficacy. Characterization of the synthesized NPs showed that the size
of the NPs encapsulated with carbendazim was 70-90 nm, the encapsulation efficiency was
99.2% and the Zeta potential was 50.2 mV. The nanoformulation showed 100% inhibition of
test fungi against Fusarium oxysporum and Aspergillus parasiticus. Carbendazim nanoformu-
lation requires less fungicide and therefore it is a more environmentally friendly method
of controlling phytopathogenic fungi. This nanoformulation showed a greater efficacy at
a lower concentration compared to the top commercial form of the fungicide against the
target species [57].

2.3. Pre- and Post-Harvest Crop Protection Based on Chitosan

Chitosan represents a model plant protection biopolymer which is sustainable for con-
trol of post-harvest decay of fresh fruits and frequently used for this purpose (Table 3). One
of the most important causes of harvested fruit decay is Penicillium expansum responsible for
blue mold. Madanipour et al. [58] assessed the effect of post-harvest chitosan application
in combination with licorice ethanol extract on shelf-life of apple fruits. Chitosan-licorice
edible coating inhibited P. expansum growth and reduced post-harvest decay rate. In gen-
eral, chitosan was more effective when combined with licorice extract. The results of this
research support the idea that coating may be a safe alternative method to prolong shelf-life
and reduce post-harvest losses of apple and maybe other fruits in storage time. In another
study, infections caused by mold fungi were controlled by chitosan combined with essential
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oils (EOS), which are also known for their antifungal activity [59]. The effectiveness of
chitosan-based films integrated with the EOS from Mentha piperita L. or Mentha x villosa
Huds was evaluated in cherry tomato fruits. Main antimicrobial compounds present in
these essential oils are rotundifolone and menthol. They belong to monoterpenes and
have the ability to disorganize the membrane structure, resulting in depolarization and
morphological alterations, interfering with fungal metabolism. The obtained films were
edible and effectively controlled infection caused by fungi such as Penicillium expansum,
Botrytis cinerea, Rhizopus stolonifera and Aspergillus niger.

Postharvest decay of table grapes is causing significant losses of the crop attributed
to pathogenic fungi, such as Botrytis cinerea. In a process of searching for alternative to
sulfur dioxide fumigation of grapes, Shen and Yang [60] developed edible coatings for
these fruit using chitosan in combination with salicylic acid, which is a phytohormone
promoting plant resistance. The coatings made of both ingredients induced the activities of
phenylalanine ammonia lyase, chitinase, 3-1, and 3-glucanase, and reduced the decay of
table grapes by inhibiting the growth of B. cinerea. A composite coating formulation con-
taining 1% chitosan-salicylic acid successfully decreased the respiration rate and delayed
changes in weight loss, measurement of total soluble solids, titratable acidity and total
phenolic content and sensory attributes of table grapes during storage. The amino group of
chitosan interacts with the carbonyl group of salicylic acid to form a conjugate molecule [60].
Another eco-friendly plant protection method for the same purpose was developed by
Youssef et al. [61]. They utilized chitosan nanoparticles (CS NPs), silica nanoparticles (SN
NPs) and chitosan-silica nanocomposites (CS-SNs) and tested their impact on B. cinerea
growth inhibition in vitro and in vivo, on two grape cultivars ‘Italia’ and ‘Benitaka’. In vitro
tests showed that compared to control, CS NPs, SN NPs and CS-SNs reduced fungal growth
by 72, 76 and 100%, respectively. After natural infection, at the end of cold storage, ap-
plication of CS-SNs was also the most effective treatment; it reduced the development of
gray mold by 59-83%, depending on cultivar. Since these nanocomposites had no negative
effect on fruit quality, they are a promising alternative to fungicides controlling gray mold
on grapes.

NPs with chitosan were used in another study aiming at protecting bell peppers
from mold fungi. Gonzalez-Saucedo et al. [62] combined them with an extract obtained
from leaves of nanche (Byrsonima crassifolia). Antifungal activity of the obtained NPs was
confirmed in in vitro tests by recording up to 100% growth inhibition of Alternaria alternata.
Edible coatings with these NPs sprayed on bell peppers before harvest reduced infec-
tions and improved storability of the crop; after storage reduced weight loss and better
physicochemical features of peppers were observed.

One of the very complex edible coatings was developed for controlling green mold in
harvested oranges [63]. It consists of chitosan integrated with phenolics-rich pomegranate
peel extract and a biocontrol agent (Wickerhamomyces anomalus). The strongest effectiveness
against Penicillium digitatum was observed in case of coating combining all of the above-
mentioned components what confirmed synergistic effect of their activity.
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3. Alginate

Alginates are naturally occurring polymers showing low toxicity, good biocompatibil-
ity and biodegradability [73]. Excellent gelling and thickening properties as well as low
production cost and good availability make them easy to develop and use. One of the most
important and commonly utilized features of these polysaccharides is the ability to undergo
ionotropic gelation, which is gel formation process occurring upon the contact with divalent
cations. The gelation mechanisms of alginate very often act according to the model, known
as egg-box, where the Ca-binding sites show a mirror symmetric conformation [74].

Alginates are obtained by extracting alginic acid in alkaline solutions from brown algae.
Alginic acid consists of 3-D-mannuronic (M) and a-L-guluronic (G) residues linked by a
(3-1,4-glycosidic bond. The ratio of the participation of M and G and their distribution in the
chain determines their gelation. For example, alginates derived from Laminaria hyperbore
are characterized by an enrichment of the density of guluronic fragments (G) compared to
alginates derived from Acophyllum nodosum or Laminaria japonica. Alginates have found ap-
plication in many industrial sectors such as biomedical, pharmaceutical, tissue engineering
and agriculture [75,76].

These polysaccharides can be combined with a wide range of substances, such as
phytohormones, amino acids, fatty acids and microelements, and used in agriculture as
organic fertilizers, delivery systems, seed treatments and edible coating films for vegetable
and fruits. For example, alginates with chitosan and other substances were used in soybean
seed coatings [77,78]. Alginate coatings have also been reported to be good oxygen barriers
and to reduce the natural microflora counts [79]. Moreover, they stimulate the growth of
aerial parts and the root system of plants and increase their resistance to pathogens [80].

Alginates were commonly used for encapsulation of microorganisms [81]. Biofertil-
izers, namely Rhizobium (Gram -), and biocontrol agents, such as Pseudomonas (Gram -)
and Trichoderma, have been well established in the field of agricultural practices for many
decades [82]. The use of conventional liquid or solid formulations in agricultural areas
causes many problems, mainly due to the poor viability of the microorganisms during
storage and field application. Encapsulation technology helps to overcome these problems.
This form of immobilization of microorganisms results in extended shelf-life and controlled
release of microorganisms from the preparations, which increases the effectiveness of their
use in the field [73,83].

Alginate oligosaccharides (AOS), which are degradation products of alginate, show
more attractive biological activity due to their low molecular weight [84,85]. AOS exhibit
excellent potential for agricultural applications because they promote plant growth, allevi-
ate growth inhibition under abiotic stress, induce defense responses in plant and extend a
shelf-life of harvested crops [86,87].

3.1. Alginate Seed Treatments

Sodium alginate is often utilized in encapsulation process because of its excellent
features, such as appropriate morphology, fiber size, porosity, degradation and swelling
ratio [88]. This polymer was used to develop an innovative encapsulation system for
delivery of biocontrol bacteria Bacillus subtilis (Vrul). The formulation contained also
bentonite, starch and titanium dioxide NPs [64]. The purpose of encapsulation was to
protect the bacteria from harmful environmental conditions and strengthen their survival
rate so that they could provide an effective control of Rhizoctonia solani infection on bean
plants. Greenhouse tests of different variants of control treatments on fungal inoculated
bean seeds showed that encapsulation enhanced antifungal effects of B. subtilis, because it
led to stronger disease inhibition compared to treatment with free bacteria. The application
of encapsulated B. subtilis has also significantly increased the growth of bean plants. There-
fore, the developed nanocapsules with biocontrol bacteria are a potential alternative for
sustainable agriculture.

Alginate was also used in a new method to control oil palm disease, which was meant
to be an alternative to pesticide treatments [65]. The oil palm trees are frequently damaged
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by the fungal infection (basal stem rot disease) caused by Ganoderma boninense. The selected
three strains of biocontrol bacteria Streptomyces spp. exhibited the strongest degree of
anti-G. boninense activity in vitro. Therefore, the effectiveness of these microorganisms on
suppressing the disease symptoms was tested in vivo on oil palm seedlings using spore
immobilized in alginate beads. Formulation with S. palmae CMU-AB204T strain resulted in
the lowest disease severity and the highest degree of plant vigor. Therefore, this strain can
be used as biocontrol agent protecting palm trees from basal stem rot disease [65].

Xiang et al. [66] developed a new high-performance nanopesticide with a broad-
spectrum antifungal activity. It is comprised of silver NPs synthesized from aldehyde mod-
ified sodium alginate (SA-AgNPs). The synthesized SA-AgNPs showed a strong antifungal
activity against the following pathogens: Colletotrichum lagenarium, Sclerotinia sclerotiorum,
C. gloeosporioides, Fusarium solani, Sphaeropsidales and Rhizoctonia solani. This activity was
associated with the impact of SA-AgNPs on fungal membrane permeability, soluble protein
synthesis, destruction of DNA structure and inhibition of its replication. The new SA-
AgNPs showed no inhibition of seed germination hence their phytotoxicity was excluded.

Essential oils (EOS) obtained from Cymbopogon citratus and Syzygium aromaticum were
used against Gaeumannomyces graminis var. tritici, an aggressive pathogen causing a take-all
disease of wheat. To provide a controlled delivery of the EOS, they were encapsulated into
mesoporous silica NPs and then sodium alginate was used to keep these NPs around the
seeds. Effects of this formulation were compared to the effects of pure EOS both in vitro
and in vivo. Encapsulating of EOS successfully increased their stability in the environ-
ment, allowed their controlled release and reduced fungicidal dose. Results confirmed
compatibility of alginate with natural fungicidal compounds and its positive impact on
effectiveness of the whole formulation [67].

3.2. Alginate Treatments Dedicated for Field Application

Alginates were used in slow-release systems with Bosphorus (formerly nicobiphene)
which is a broad-spectrum fungicide that is safe for plants. It can inhibit the respiration
of fungi by binding to the enzyme succinate dehydrogenase in fungal mitochondria. To
control the fungicide release rate, a slow-release boscalid composition for the treatment
of gray mold was patented. The authors used bentonite, cationic surfactant and sodium
alginate solution for dispersion as agent for controlling cucumber Botrytis [89]. In another
study, agar and alginate beads containing thiram, were produced in order to slow down
the release of active fungicide in vitro and in soil. The amount of active ingredient available
for leaching and volatilization was decreased from the beads and the availability of the
fungicide in the soil was prolonged. The release of thiram decreased with increasing
alginate concentration in the feed from 1% to 2.5% (w/v), which explained the progressive
shrinkage of the alginate spheres, which in turn led to an increase in Ca?* alginate cross-link
density and a decrease the size of the pores. A slower release of thiram in soil compared
to in vitro conditions what was explained by the occlusion of the ball surface by soil
particles slowing diffusion, and also by dissolved soil water, which can also delay pesticide
displacement [90].

The alginate oligosaccharides (AOS) combined with Meyerozim guilliermondii have
been studied as a possible physiological biocontrol against Penicillium expansum infection
of pears. Blue mold caused by P. expansum was significantly inhibited by the developed
formulation in concentration of 5 g L~!, while it did not affect the growth and reproduction
of M. guilliermondii in vitro or in vivo on pears [91].

3.3. Pre- and Post-Harvest Crop Protection Based on Alginate

Coating films on fruits and vegetables with preservative compounds slow down
ripening and senescence due to formation of a modified atmosphere around the fruits
and vegetables thereby reducing the respiration rate [92]. These coatings are made of
edible material which provides a moisture barrier and prevents solute movement from
the food [93]. They can be made of biodegradable raw material, such as polysaccharides,
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and serve as a primary packaging which is directly in contact with the fruit, wrapping
it to form a gas and moisture barrier, improving the mechanical property, reducing the
microbial load, keeping the sensory properties intact while prolonging the shelf-life [94].
Fruit and vegetable coatings based on alginates can exhibit all these qualities and they may
be combined with diverse active ingredients (Table 3). For example, Xu et al. [95] described
the inclusion of cyclolipopeptides (CL) from Bacillus subtilis in the production of an easily
removable alginate coating for preserving blueberries. The obtained CL-alginate coatings
provided strong antifungal properties and kept blueberries fresh during 20 days of cold
storage. Fungal contamination of the coated fruits was reduced to 2.5 x 103 cfu g~ ! and it
was at least 10 times lower compared to uncoated control. Moreover, the coating resulted in
higher firmness, reduced respiratory rate and reduced weight loss in the stored blueberries.

Essential oils (EOS) are hydrophobic concentrated liquids derived from aromatic
plants. They contain a multitude of bioactive compounds such as antimicrobial and
antioxidant, and can be used as preservative for fruits. Therefore, they may be used
to maintain the quality and shelf-life of fresh-cut fruits. Fresh-cut papaya pieces were
treated with alginate based edible coatings containing thyme and oregano EOS, which
constituted the lipid component of the coating. Increasing concentration of essential oil
resulted in extended shelf-life and a higher moisture retention capacity of the samples.
However, the strong smell of essential oils, caused a negative reaction from the sensory
panel. Nevertheless, positive effects of the coatings include reduced weight loss, retarded
pH changes, reduced respiration rate and delayed senescence. The reduced microbial
growth may be due to the incorporation of essential oil as well as due to the modified
atmosphere created by the coating [96]. Similar alginate-based coatings combined with EOS
were shown to extend self-life of fruits and reduce the counts of microorganisms in case of
raspberries, fresh-cut apples and pineapples [97-99] (Table 3). Another study described
the use of an alginate/vanillin combination to improve the quality and safety of table
grapes. The pre-harvest spray and post-harvest fruit coating was applied to three grape
varieties. Alginate treatments effectively prevented weight loss and firmness loss of the
fruit. Moreover, alginate/vanillin coating provided a significant reduction in yeast-mold
growth. In addition, it maintained the nutritional and sensory quality of grapes, preserved
functional properties (such as phenolic content and antioxidant activity) and extended their
shelf-life by diminishing fungal decay [100].

Alginate-based coatings of fruits can be enriched with plant extracts in order to en-
hance their antifungal properties. For example, rhubarb (Rheum rhaponicum L.) extract,
known for its antifungal and antiseptic activity, was combined with sodium alginate
in a coating for peach preservation [101]. Alginate coatings (1% sodium alginate) re-
duced weight loss, firmness loss and respiratory rate and resulted in higher nutritional
value of the stored coated fruits compared to uncoated control fruits. Moreover, a signifi-
cantly lower decay index was recorded for alginate-coated fruit previously inoculated with
Penicillium expansum, which was explained by reduced gas exchange inhibiting growth of
molds which are aerobic. However, all of the above-mentioned positive effects of alginate
coating were significantly enhanced by addition of rhubarb extract, therefore a coating
combining both components was recommended as a treatment prolonging shelf-life of
peach fruits.

The addition of nanomaterials can also enhance the antifungal activity of the alginate
coatings. Jiang et al. [102] reported the efficacy of a composite alginate/nano-Ag coating in
reducing the counts of different groups of microorganisms on coated shiitake mushrooms
after the cold storage for 16 days compared with the uncoated control.

The addition of ZnO nanoparticles in different concentrations to sodium alginate-
coatings resulted in the enhanced shelf-life of cold stored strawberries by preventing the
loss of weight, sensory attributes and the reduction in ascorbic acid, total phenols and
total anthocyanins content. The nano-coating, which was the most effective in reducing
the counts of yeast, molds and aerobic bacteria in cold stored strawberries, comprised
1.5% sodium alginate and ZnO nanoparticles at the concentration of 1.25 g L1 [103].
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Zhuo et al. [104] demonstrated that AOS treatment improved resistance to post-harvest
decay and quality in kiwifruit (Actinidia deliciosa cv. ‘Bruno’). The results showed that
in vitro AOS did not inhibit the growth of Botrytis cinerea, which is the causal agent of gray
mold in kiwifruit, but they reduced the incidence of gray mold and diameter of lesions of
kiwifruit during storage.

Table 2. Examples of antifungal treatments dedicated for field application and based on carbohydrate
biopolymers (chitosan, alginate or cellulose) or their derivatives.

Chemical Composition of the Seed Treatment

Formulation *

Form of Application Target Pathogen(s) Effects of the Treatment Ref.
Carbohydrate Polymer (Plant Disease)
c Other Components
or Its Derivative
CSC— E\NII:ISés Reduced fungal growth in vitro,
- CcSs A NOg TPP Fusarium oxysporum morphological and ultrastructural [50]
NaOgH 1\?;51.)3 C,)1o changes in of the mycelium
Nanocomposites of chitosan
CS-Ag F. oxysporum combined with CuO or ZnO provided
Soil application cs CS-CuO, f. sp. Ciceri the most effective protection against [51]
CS-ZnO (Wilt disease of chickpea) wilt disease and promoted growth of
chickpea plants
Seed treatment Curvularia lunata, Lower disease severity observed in
foliar application (@) CS-Cu NPs (Curvularia leaf spot disease maize in pot and field experiments, [52]
PP of maize) plant growth stimulation.
_ vanilin, Pythiim spp. Strong inhibitory effect on the linear
cinnamaldehyde, Fusarium oxysporum & thof b tﬁ, tareet path
Seedling treatment (@] polyaniline, (root rot, pre-emergence grgw do di Oth targe 4 pa ogedns, [54]
sodium damping off in reduce 1}slease inci dgnpe under
montmorillonite tomato plants) greenhouse conditions
Compared to CS-Saponin NPs, CS-Cu
CS-Saponin NPs, Alternaria alternata, 1}“)5 were more'effe.:cpye an d (r‘aused
: . ungal growth inhibition in vitro of
- Cs CS-Cu NPs, Macrophomina phaseolina, o % and % i ¢ [56]
TPP Rhizoctonia solani 89.5%, 63.0% and 60.1% in case o
’ A. alternate, M. phaseolina and
R. solani, respectively.
100% inhibition of tested fungi.
Carbendazim nanoformulation
. CS-pectin NPs, F. oxysporum, showed greater efficacy at a lower
Encapsulation cs fungicide: carbendazim Aspergillus parasiticus concentration compared to the top (571
carbendazim and commercial form
against target species
C5-Cu NPs, Curvularia lunata Significant defense response and
Foliar spray Cs CuSOq, (Curvularia leaf spot & 1 of the di € resp: . [52]
fungicide: Bavistin in maize) control of the disease in maize.
Fungicide: Bosphorus Broad-spectrum fungicide inhibits the
E . & - bosp . Botrytis. cinerea respiration of fungi by binding to the
ncapsulation AG -(formerly nicobiphene); id b . dehvd . [89]
bentonite (gray mold on cucumber) enzyme succinate dehydrogenase in
fungal mitochondria.
Encapsulation AG beads Fungicide: thiram various fungi Slower release the active fungicide [90]
in vitro and in the soil.
The results showed that AOS (5 g/L)
Meverozyma Penicillium combined with M. guilliermondii
Spray AOS 'lljiermg dii Expansum significantly reduced blue mold decay [91]
gut " (blue mold on pears) incidence and lesion diameter
in pears.
In in vitro tests: stronger inhibitory
effect on B. cinerea. In the field
Funeicide: fluazinam: B cinerea experiment: slower degradation after
Encapsultion EC gieice: e ) spraying plants and no phytotoxic [105]
gum arabic, emulsifier (gray mold on cucumber) .
effects on plants in case of
encapsulated fungicide compared to
fungicide suspension.
£ . Fugicides: Neonectria dztlssz'mg, In in vitro tests: pesticide release in
. atty acid Phaeoacremonium minimum . . .
Nano- carriers captan, contact with cellulolytic fungi and [106]
cellulose ester . (Apple Canker and Esca R
pyraclostrobin fungal growth inhibition

disease of grapevine)
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Table 2. Cont.

Form of Application

Chemical Composition of the Seed Treatment

F lation *
ormufation Target Pathogen(s) Effects of the Treatment Ref.

Carbohydrate Polymer
or Its Derivative

(Plant Disease)
Other Components

Fungicide release induced either by
low pH or cellulase. Prolonged

Fungicide o
Nano- carriers HPC (pyraclostrobin); Mag nap orthe oryzae phofostablhty and. r.educec'l [107]
o (rice blast) cytotoxicity of the fungicide delivered
silica NPs . .
in nanocarriers compared to
commercial formulations.
B. cinerea Antifungal activity in vitro and
Micro-spheres Copolymer: CS, CMC EOS: citral (gray mold in reduced disease incidence in tomato [108]
solanaceous crops) tested in vivo
5-chloro-8- Phaeomoniella chlamydospora, Membranes prevent fungal spore
Electrospun hydroxyquinolinol, . ! . .
CA Phaeoacremonium aleophilum penetration of plant tissues wounded [109]
memebrane polyethylene . .
(Esca on grapevine) by pruning procedure

glycol, acetone

* Abbreviations: CS -Chitosan, AG—Alginate, AOS—Alginate oligosaccharides, EOS—Essential oils,
CMC—Carboxymethyl cellulose, HPC—Hydroxypropyl cellulose, CA—Cellulose acetate, NPs—Nanoparticles.

4. Cellulose

Cellulose is the most abundant carbohydrate biopolymer in nature. It is produced
by plants in a photosynthesis process and it plays an important, structural role in these
organisms. Cellulose can be obtained from plant material, such as wood, cotton, flax, water
plants, grasses, agricultural residues and from bacteria belonging to few genera. However,
the main sources of this polymer for commercial production are wood and cotton [110,111].

Cellulose consists of long chains of beta (1-4)-glycosidically linked glucose units. It is
insoluble in water and common organic solvents. Cellulose can be converted into a variety
of derivatives with different functionalities through etherification or esterification [111].
Cellulose ethers commonly used in agriculture include: methyl cellulose (ME), ethyl cellu-
lose (EC), hydroxyethyl cellulose (HEC), hydroxypropyl cellulose (HPC), hydroxypropyl
methylcellulose (HPMC) and carboxymethyl cellulose (CMC). These derivatives are charac-
terized by higher solubility in water and/or organic solvents compared to cellulose. Their
properties allow for using them as thickeners, binders or coating agents in formulations
applied as foliar sprays, seed treatments or edible films on food products.

Among esters, the most important compounds include cellulose acetates (cellulose
acetate—CA; cellulose diacetate—CDA) which are tasteless, nontoxic, relatively stable in
storage, insoluble in water and easily biodegradable [111], which make them suitable for
use in organic agriculture and food production. Moreover, they are suitable substrates for
production of electrospun nanofibers, which can be used in biodegradable membranes and
coatings of plant material for the targeted delivery of agrochemicals [112].

Cellulose derivatives are commonly used in plant protection applications as binders
and carriers of active ingredients and biocontrol agents. However, they can also form
biodegradable membranes and coatings of plant material, which can form a protective
physical barrier from the environment.

4.1. Cellulose Seed Treatments

Seed coating procedure requires using liquid substances which will bind solid materi-
als and active ingredients to the seed surface. These liquids, called binders, are responsible
for integrity and durability of the coating during its application and after drying [113].
Cellulose ethers are relatively frequently used for this purpose. Pedrini et al. [114] reviewed
127 publications on seed coating methods and found that at least one of the five cellulose
ethers (MC, EC, HEC, HPC and CMC) was used in approximately 20% of non-commercial
seed coatings with a known composition.

Polymeric coatings without active ingredients can act as physical barrier preventing
moisture from entering the seeds during storage thereby preventing development of fungi
and deterioration of the seeds. Such seed treatments are particularly important in countries
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where seeds are stored in the conditions of a high temperature and a high moisture, which
are highly detrimental for the stored seeds. Kumar et al. [68] tested effects of various
polymer seed coatings on storability of soybean seeds. Some of the coatings included
in their study consisted of MC, EC or HEC. After six months of storage, coated seeds
showed lower moisture content and higher emergence in the field compared to uncoated
control seeds. Coating with cellulose derivatives resulted also in lower percentage of seeds
infected with storage fungi, such as Alternaria alternata, Aspergillus niger, Curvularia lunata,
Dreschlera halodes, Fusarium moniliformae, Cladosporium spp. and Penicilium spp.

CMC can be used as base for formulations containing microorganisms. For example,
Viji et al. [115] used this cellulose ether in formulations containing biocontrol agent-bacterial
strains of Pseudomonas aeruginosa. Foliar sprays using these formulations effectively reduced
the gray leaf spot disease in perennial ryegrass. In another study, the same polymer was
combined with biocontrol microorganisms in seed treatment formulation protecting wheat
against Fusarium graminearum [69].

CMC is often used in seed coatings containing fungicides. Such coatings consist
usually of several components. Ren et al. [70] optimized the coating formulation for
protection of germinating wheat seeds from soil borne diseases. They tested effects of few
polymers on the emergence and growth of wheat seedlings and concluded that best results
are obtained for CMC combined with polyacrylamide. Therefore, these two polymers
were selected as binders for the seed coating delivering fungicides: difenoconazole and
fludioxonil FSC designed for control of sharp eyespot disease in wheat.

Pesticides delivered in the seed coating protect germinating seeds only for a short time
if they are rapidly released to the environment. Many soil-borne pathogens may threaten
seeds, seedlings and young plants; therefore, a more sustained release of plant protection
agents from the coating would be desirable. A choice of polymer for the coating seems to
be an important decision in this context. Farias et al. [71] chose CDA for developing a new
nanofiber coating for soybean seeds. In contrast to other electrospinnable polymers such as
polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA), CDA is hydrophobic in nature.
Laboratory tests of the new nanofibers with abamectin or fluopyram, showed that only
5.5-25% of the total content of these pesticides was released during 2 weeks of soaking in
the water. Nanofibers spun directly on the soybean seeds had no detrimental effects on
seed germination. Moreover, in vitro tests with fluopyram loaded nanofibers showed also
that the released fungicide cased a significant growth inhibition of Alternaria lineariae.

Recently, Xu et al. [72] used a method of electrospinning two biopolymers (CA and
gelatin) to produce a copper (Cu?*) loaded nanofiber seed coating for protection against
soil borne diseases. They avoided using toxic organic solvents (such as acetone or dimethyl
acetamide), therefore their solution is more environmentally friendly. Interestingly, they
showed that the kinetics of Cu?* release from nanofibers can be altered by using different
proportions of two biopolymers and adding a surfactant. The effectiveness of new seed
treatments was tested in greenhouse experiments in which coated seeds of lettuce and
tomato were germinated in Fusarium oxysporum infected media. The nanofiber coating
clearly improved germination rate and plant growth under pathogen pressure.

4.2. Cellulose Treatments Dedicated for Field Application

CMC and EC were used as controlled release matrices for delivery of insecticides and
herbicides [116]. However, recent publication of Liu et al. [105] showed that EC micro-
capsules with fungicide can be effectively used as plant protection against Botrytis cinerea
causing gray mold (Table 2). This form of delivery of plant protection agent assures pro-
longed release and slower degradation in the environment. Moreover, encapsulation of the
fungicides reduces the toxic effects on cucumber plants treated in the field.

Encapsulation of fungicides using derivatives of cellulose has one more important
advantage. Many fungal pathogens of plants produce cellulase—an enzyme degrading
cellulose. Therefore, nanocarriers with fungicides made of this polysaccharide will quickly
disintegrate in contact with such fungi and release their cargo where it is the most needed.
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Machado et al. [106] produced such nanocarriers using fatty acid cellulose ester and
fungicides for plant protection against severe trunk diseases of apple trees and grapevine
caused by cellulase producing fungi Neonectria ditissima and Phaeoacremonium minimum.
They showed in laboratory tests that the growth of both pathogens is greatly inhibited
by fungicides provided in nanocarriers. In contrast, in case of fungus which is unable
to produce this enzyme (Cylindrocladium buxicola), the effect on inhibition of the fungal
growth was much smaller, because it depended only on diffusion of the fungicide from
the nanocarriers.

Fungal infection exposes plant cell not only to cell wall degrading enzymes such as
cellulase but also to lower pH. Therefore, Gao et al. [107] constructed nanocarriers using
HPC and hollow mesoporous silica nanoparticles which release fungicide in response to
either of the two stimuli.

Plant protection products comprised of nanocarriers can deliver not only fungi-
cides but also antimicrobial substances of natural origin, such as plant essential oils.
Ma et al. [108] demonstrated that hydrogel microspheres made of chitosan and CMC can
be loaded with citral, which increases bioavailability of this highly volatile and unstable
compound. The obtained microspheres with citral showed antibacterial activity in vitro
and antifungal properties in vivo in tomato plants. They reduced incidence of the disease
caused by Botrytis cinerea.

Another form of plant protection application was developed for grapevine protection
against fungi causing esca, a damaging disease caused mainly by two species of fungi:
Phaeomoniella chlamydospora and Phaeoacremonium aleophilum. In order to prevent fungal
infections of the wounds formed during pruning procedure, Spasova et al. [109] produced
a protective antifungal membranes using electrospinning technology. Membranes build
using CA or CA and polyethylene glycol (PEG) were combined with antifungal agent:
5-chloro-8-hydroxyquinolinol. Laboratory tests of both types of membranes showed a
quicker release of the pesticide from CA/PEG membrane, what was explained by a higher
wettability of this material. Antifungal effect of the obtained membranes was confirmed
in vitro by showing the growth inhibition of P. chlamydospora and P. aleophilum.

4.3. Post-Harvest Crop Protection Based on Cellulose

Cellulose ethers such as MC, CMC, HPC and HPMC are widely produced and used
in edible coatings of various fruits and vegetables. They bind the coating to the surface
of the product, provide moisture and create a barrier for gas exchange [26]. Out of the
above-mentioned ethers, CMC is the most important for industry and commonly used in
food production, also in edible coatings of fruit and vegetables. Antifungal effects of CMC
coatings can be inferred from studies which test effects of coating on decay and quality
of fruits after storage. For example, Kumar et al. [117] coated guava fruit with various
CMC solutions (0-2.0 g L™!). After 12 days of storage at ambient temperature, coating
with CMC at the intermediate concentration (1.5 g L~!) resulted in the lowest percentage
of decayed fruit and best fruit quality compared to other coating treatments. In another
study, Baswal et al. [118] compared effects of several coatings consisting of CMC, chitosan
or beeswax on decay and quality of mandarin fruits after 75 days of cold storage. The best
protection was provided by CMC coating (2.0 g L™!), which retained its integrity during
the whole storage period. It was the most effective in maintaining fruit quality parameters,
while reducing fruit decay and activity of cell wall degrading enzymes.

Next generation of edible coatings consist of polymeric matrix combined with func-
tional and bioactive compounds which enhance the quality of the coated product and
bring additional benefits to the health of the consumers [26]. For example, CMC was
combined with probiotic bacteria Lactobacillus plantarum in edible coating created to extend
a shelf-life of strawberries [119]. The bacteria remained viable on the surface of coated
fruit for 15 days of cold storage and they helped to reduce the growth of yeast and molds
probably due to competitive interaction with these microorganisms. The coating treatments
with higher amounts of L. plantarum (5.76-9.80 x 10'® cfu mL~!) were the most effective
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in reducing fruit decay and the counts yeast and molds compared to uncoated control.
CMC coating without bacteria also resulted in a reduction in fruit decay and the counts of
detrimental microorganisms but its effects were intermediate compared to control and the
above-mentioned L. plantarum coatings.

Antifungal properties of the polysaccharide coatings can be also enhanced by addition
of plant extracts. It was shown in in vitro tests that extract of Impatiens balsamina L. stems
inhibited growth of Penicillium molds responsible for postharvest infections of citrus fruits.
Therefore, Chen et al. [120] added this extract to edible coatings of tangerine fruits based
on CMC. The complex coating that was obtained included also additional substances
which functioned as antioxidant, plasticizer, moisturizer, and antiseptic. Further analyses
involved comparing effects of three treatments including uncoated control, CMC coating
without additional substances and the complex coating described above. After 100 days
of cold storage, the lowest decay rate and weight loss were recorded for fruits treated
with the complex coatings. These measures for fruits coated only with CMC showed
intermediate values. The complex coating resulted in the highest nutritional quality of the
fruits (Table 3). Moreover, antioxidant and defense-related enzymes reached the highest
activities for this treatment.

Tesfay et al. [121] isolated pathogenic three fungi from avocado fruits, namely
Colletotrichum gloeosporioides, Alternaria alternata and Lasiodiplodia theobromae, and showed
invitro that their growth can be inhibited by extracts obtained from moringa
(Moringa oleifera Lam.) plants or seeds. Therefore, they added these extracts to CMC to
obtain antifungal coatings for avocado fruits. The new coatings improved storability of av-
ocado fruits and their antifungal properties were confirmed in vivo. Inoculation of coated
and uncoated fruits with C. gloeosporioides and A. alternata showed that the coating signifi-
cantly reduced the disease incidence and severity. Therefore, the new coating treatments
are suitable as organic postharvest treatment for avocado fruit.

Edible coatings based on HPMC were used for coating fruit and vegetables, but they
were frequently combined with preservatives classified by EU regulations as food additives
which are generally recognized as safe. Valencia-Chamorro et al. [122] developed such a
coating for cold stored oranges and tested its antifungal properties in fruit which was first
inoculated with P. digitatum or P. italicum and then coated with HPMC in combination with
one or two preservatives and hydrophobic components. After cold storage, the coating had
no negative effect on the fruit quality and its antifungal properties were confirmed. The
most effective coating, containing potassium sorbate and sodium propionate, controlled
development of green and blue mold on the inoculated fruit. A similar coating was
developed for cherry tomatoes by Fagundes et al. [123]; however, this study aimed at
controlling two important pathogens Botrytis cinerea and Alternaria alternata. A range of
in vitro tests allowed to select the most effective preservative to control these fungi. HPMC-
lipid coatings containing the selected preservatives were used in in vivo experiments to
coat pathogen inoculated tomatoes. The coating in this case had also curative properties as
the disease incidence and severity were significantly reduced although these effects were
stronger in case of experiment with A. alternata.
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Table 3. Examples of antifungal coatings of fruits and vegetables based on carbohydrate biopolymers

(chitosan, alginate or cellulose) or their derivatives.

Chemical Composition of the Coating *

. Fungi Responsible for .
Fruit or Vegetable Carbohydrate Polymer Other 8 CroppDecay Effects of the Coating Ref.
or Its Derivative Components
CS-licorice coating inhibited P. expansum
Apple (@] licorice extract Penicillium expansum growth, reduced postharvest decay rate [58]
and weight loss of apples.
CS-EOS combination strongly inhibited
P. expansum, mycelial growth and spore germination
EOS from Botrytis cinerea, of target fungi. CS-EOS coatings
Cherry tomato cs Mentha spp. Rhizopus stolonifera, reduced decay of inoculated tomato 1591
Aspergillus niger fruits and preserved quality of the
stored fruit
Compared to pure CS coatings, coatings
salicylic acid, glacial based on CS-salicylic acid conjugate
Grapes (@] acetic acid, B. cinerea were the most effective at promoting [60]
NaOH plant resistance, reducing fruit decay
while improving their storability
Compared to both types of NPs,
Silica CS-silica nanocomposites were the most
Grapes CS NPs NPs B. cinerea effective in inhibiting B. cinerea growth [61]
in vitro and in vivo. No negative impact
on fruit quality was observed.
CS NPs inhibited A. alternata growth up
to 100% in vitro; when used in edible
Bell pepper CS NPs Byrsonima crassifolia Alternaria alternata coatings in vivo they reduced the counts [62]
extract of microorganisms, decreased weight
loss and improved quality of peppers
after storage.
omegranate Coatings combining CS, pomegranate
P 1 gxtr " peel extract and W. anomalus showed the
Orange CS pee’ extract, Penicillium digitatum strongest antifungal effect in vivo [63]
Wickerhamomyces ‘L
(synergistic effect of the three
anomalus .
components confirmed)
Compared to uncoated control, coated
Cyclolipopeptides from . . fruit showed >10x lower fungal =
Blueberry AG Bacillus subtilis Aspergillus niger contamination, reduced respiratory rate (%]
and weight loss during cold storage
Thyme and ‘ Cﬁe_ltlr;gfs rfetducted ;Vglgl’f_; 1(})155 of
Papaya AG oregano EOS, not specified resh-cut Irult, retarded pii changes, [96]
Cween 80 reduced respiration rate thus
delayed senescence
Coatings with EOS inhibited the growth
EOS: lemongrass, . X .
A e s of L. innocua inoculated on apple pieces
pple AG oregano, vanillin; Listeria innocua 1 hrophili bic b . [99]
apple puree as well as psychrophilic aerobic bacteria,
PP yeasts and molds
EOS: lemongrass, Reduced weight loss, respiration rate,
Pineapple AG glycerol, sunflower oil, yeast and molds total counts of microorganisms, yeast [97]
ascorbic acid, citric acid and molds during storage
Improved storability, nutritional and
o sensory quality of fruits, growth
Raspberry AG EQS: citral an d cu genol, yeast and molds inhibition of molds, yeasts and aerobic [98]
ascorbic acid O -
mesophilic microorganisms (compared
to uncoated control)
Maintained nutritional quality, sensory
o . quality and extended the shelf-life of
Grapes AG vanillin, glycerol B. cinerea grapes, reduced growth of yeasts [100]
and molds
Reduced weight loss, firmness loss,
respiratory rate and higher nutritional
value compared to uncoated control
Peach AG rhubarb extract P expansum fruits; reduced decay index recorded for (101]
coated fruit which were previously
inoculated with P. expansum.
Enhanced shelf-life, higher
Shiitake mushrooms AG Nano-Ag bacteria, yeasts physicochemical and sensory quality, [102]

and molds

reduced weight loss, lower counts of
different groups of microorganisms.
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Table 3. Cont.

Chemical Composition of the Coating *

Fruit or Vegetable

Carbohydrate Polymer
or Its Derivative

Other
Components

Fungi Responsible for
Crop Decay

Effects of the Coating

Ref.

Strawberry

AG

ZnO
NPs

not specified

Enhanced shelf-life, reduced loss of
weight, texture quality and the content
of the ascorbic acid, total phenols
and anthocyanins.

[103]

Kiwifruit

AOS

B. cinerea

AOS did not inhibit the growth of

B. cinerea in vitro, but reduced the
incidence of gray mold and diameter of

lesions of kiwifruit during storage.

[104]

Guava

CMC

not specified

Reduced decay and weight loss of fruits;
higher firmness; better sensory
attributes; higher sugar, ascorbic acid
and phenol contents; higher
titratable acidity

[117]

Mandarin

CcMC

Penicillium italicum

Best results compared to chitosan and
beeswax coatings: reduced decay and
weight loss of fruits; higher juice content
and firmness of the fruits; lower activity
of cell wall degrading enzymes; higher
titratable acidity; higher ascorbic acid
and carotenoids contents

[118]

Strawberry

CMC

probiotic bacteria:
Lactobacillus plantarum,
glycerol

Reduced counts of yeast and molds and
reduced percentage of decayed fruits
after cold storage (better results
compared to control and compared to
pure CMC coating); reduced weight loss,
slower deterioration of ascorbic acid and
phenolic compounds.

[119]

Tangerine

CcMC

ethanol extract of
Impatiens balsamina L.

stems, citric acid,
sucrose ester, calcium
propionate, glycerol

Penicillium spp.

Improved results compared to pure
CMC coating: lowest decay and weight
loss after cold storage; highest total
soluble solid, titratable acid, total sugar
and ascorbic acid contents; highest
activity of antioxidant and
defence-related enzymes

[120]

Avocado

CMC

Moringa plant extracts

Colletotrichum
gloeosporioides,
A. alternata,
Lasiodiplodia theobromae

Reduced decay and weight loss of the
stored fruit higher firmness of the fruit;
reduced ethylene production and
respiration rate; confirmed antifungal
effect in fungal inoculation in vivo test.

[121]

Orange

HPMC

food preservatives,
shellac, beeswax,
glycerol, stearic acid

P. digitatum,
P. italicum

Lower incidence and severity of the
disease observed on Penicillum sp.
inoculated fruit (compared to inoculated
and uncoated control). The most
effective coating contained potassium
sorbate and sodium propionate. Coating
had no adverse effects on fruit quality.

[122]

Cherry tomato

HPMC

food preservatives

B. cinerea,
A. alternata

Positive effect on the fruit quality and
antifungal properties of coatings
were confirmed.

[123]

* Abbreviations: CS—chitosan, AG—alginate, AOS—alginate oligosaccharides, EOS—essential oils,
CMC—-carboxymethyl cellulose, HPMC—hydroxypropyl methylcellulose, NPs—nanoparticles.

5. Advantages and Disadvantages of Carbohydrate Biopolymers Used in Plant Protection

Cellulose, chitosan and alginate are the most common carbohydrates in nature. More-
over, cellulose and chitosan can be obtained from waste material from agriculture, wood
processing or crustacean shells produced by food industry. High availability is probably
the most important advantage of carbohydrates considered in this review. Moreover, since
these polymers are of natural origin, there are a lot of microorganisms in the environment
which are able to decompose them, therefore they are highly biodegradable and suitable
for organic agriculture. In addition, non-toxicity makes these biopolymers safe for the
consumers and non-target organisms in the environment.

During preparation of plant protection formulations carbohydrate biopolymers can be
subjected to a variety of different processes such as chemical modification, electrospinning,
hydrolysis and gelation. Moreover, since they have the ability to interact with many
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hydrophobic and hydrophilic compounds, they are often combined with other ingredients
in composites or complex formulations (Figure 2, Tables 1-3).
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Figure 2. Alternative modification methods of carbohydrate polymers which can be used in the

Carbohydrate biopolymers can be used in the process of encapsulation of biocontrol

microorganisms in order to protect them from harmful environmental conditions and
prolong their viability [64,83]. Similar solution can be used for delivering agrochemicals

or volatile active ingredients (essential oils). In this case biopolymers extend activity of
encapsulated compounds and ensure their slow release to the crops, thereby increasing
efficiency of plant protection and reducing environmental impact of the used agrochem-
icals [14,16,108]. Moreover, polysaccharides in a form of hydrogels provide additional
positive effect of increased water retention in the soil therefore they may help to alleviate
effects of drought stress on plants [16]. Another advantage of carbohydrate biopolymers
is that the products of their hydrolysis or enzymatic degradation (oligosaccharides) may
act as elicitors stimulating plant defense mechanisms [19]. Chitosan, alginate and cellulose
derivatives have a film forming capacity. Therefore, they are suitable as coatings for seeds

or harvested fruits, which may reduce fungal growth even if they act as passive barrier [26].
Despite these advantages, carbohydrate biopolymers are not commonly utilized in

plant protection due to a number of reasons. Firstly, they can be easily degraded by
widespread microorganisms which is a disadvantage in the context of a short shelf-life of
plant protection products based on these compounds. In order to maintain the biochemical
properties and bioactivity of the biopolymer-containing product, it should also contain
a preservative reducing a microbial growth. For example, a commercial plant protection
product, Beta-chikol®, based on chitosan lactate, had a chlorhexidine digluconate added
for this purpose (Wisniewska-Wrona—pers. comm).

Secondly, carbohydrate biopolymers are obtained from various sources which are

naturally quite variable. A source organism, its geographic origin and the time of harvest
affect the content and chemical structure of these polymers [19]. The extraction and purifi-
cation techniques of these polysaccharides are not fully standardized and contribute to the
variability of the end product [124]. As a result, the commercially available carbohydrate
biopolymers have broadly specified physico-chemical characteristics and tests of their bioac-

tivity do not always yield reproducible results ([19], Wisniewska-Wrona—unpublished
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data). The high level of structural heterogeneity and polydispersity of these polymers make
it difficult to provide a proven information on their efficiency, safety for the consumers
and the environment, which is a huge disadvantage when going through the approval and
commercialization process [125].

Thirdly, purification of carbohydrate polymers from natural raw materials is not very
efficient and can be costly. For example, the traditional method of producing chitosan on
an industrial scale from crustacean shell waste involves few chemical treatments in order
to remove proteins, mineral salts and pigments. Then chitosan is obtained by hydrolysis
of acetamide groups by severe alkaline treatment. The whole process is considered to be
expensive and laborious; it also harmful to the environment as it requires using harsh
chemicals and generates high amounts of wastes [126]. However, due to the growing
demand on this polymer worldwide the global market of chitosan is developing dynami-
cally, therefore alternative sources of this polymer (fungi, insects) and more sustainable
production methods are being explored [127,128].

When comparing the three biopolymers included in the review among each other,
we can point few clear differences in terms of their properties and applications. Chitosan
is frequently treated as antifungal agent because of its proven direct antifungal activity,
although it is also rather expensive compared to the other two polymers. Alginate is
frequently combined with biocontrol bacteria and fungi, because due to its hydrophilic
nature this polymer increases survival of these microorganisms. Cellulose is valued as
the cheapest and commonly available resource. Although it cannot be used without
modification because of its low solubility in water and lack of functional groups, therefore
esters and ethers of this polymer are usually used.

6. Future Perspectives and Challenges

As we outlined in the introduction, the widespread use of chemical fungicides had a
negative impact on environment, non-target organisms and human health. The growing
concerns about these issues have led to the implementation of regulations restricting the
use of these agrochemicals. For example, the current “Farm to Fork Strategy” aims at a
significant reduction in pesticides use by 2030. Apart from regulatory framework, the
consumers’ demand on healthier agricultural products provided a motivation to develop
organic agriculture and stimulated development of plant protection products based on
natural alternatives to chemical pesticides. As we showed in this review, carbohydrate
biopolymers such as chitosan, alginate, cellulose or their derivatives, are suitable for this
purpose because of their above-mentioned advantages including nontoxicity, biocom-
patibility and biodegradability. A lot of recently published studies showed that these
compounds are versatile resources for producing plant protection formulations effective
against pathogenic fungi because they can act as antifungal compounds, effective elicitors,
carriers or matrices for controlled release of active ingredients. The growing interest in
reducing the use of chemical pesticide may provide a motivation to improve and standard-
ize production methods of carbohydrate biopolymers and to overcome commercialization
barriers for the plant protection products containing these compounds.

Antifungal activity of the formulations based on carbohydrate biopolymers is usually
lower or comparable to standard fungicidal treatments [46,51]. However, it can be enhanced
by developing complex, more effective formulations which combine these biopolymers
with other antifungal agents (Figure 2). Rapid development of nanotechnology opened
possibilities of creating new promising forms of plant protection products based on nanopar-
ticles, nano-/micro-carriers and electrospun nanofibers. However, there is a recognized
need to evaluate these solutions for their safety and toxicity before they are introduced for
use in agriculture [16].

The three carbohydrate biopolymers were successfully used to develop natural plant
protection methods for various stages of plant production. As we showed in numerous
examples, each of the three biopolymers can be used in treatments dedicated for seed
sowing material, field applications and protection of harvested fruits and vegetables.
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Abstract: To increase the human lifespan, healthcare monitoring devices that diagnose diseases and
check body conditions have attracted considerable interest. Commercial AgCl-based wet electrodes
with the advantages of high conductivity and strong adaptability to human skin are considered the
most frequently used electrode material for healthcare monitoring. However, commercial AgCl-
based wet electrodes, when exposed for a long period, cause an evaporation of organic solvents,
which could reduce the signal-to-noise ratio of biosignals and stimulate human skin. In this con-
text, we demonstrate a dry electrode for a poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)-based blended polymer electrode using a combination of PEDOT:PSS, waterborne
polyurethane (WPU) and ethylene glycol (EG) that could be reused for a long period of time to
detect electrocardiography (ECG) and electromyography (EMG). Both ECG and EMG are reliably
detected by the wireless real-time monitoring system. In particular, the proposed dry electrode detects
biosignals without deterioration for over 2 weeks. Additionally, a double layer of a polyimide (PI)
substrate and fluorinated polymer CYTOP induces the strong waterproof characteristics of external
liquids for the proposed dry electrodes, having a low surface energy of 14.49 mN/m. In addition, the
proposed electrode has excellent degradability in water; it dissolves in hot water at 60 °C.

Keywords: electrocardiography; electromyography; PEDOT:PSS; degradability; polymer electrode

1. Introduction

To ensure the world’s aging population has the right to individual life, neurological
diseases, cardiovascular diseases, etc. are becoming notable social issues. As a result, many
studies have been carried out to develop high-performance electrocardiograph (ECG) and
electromyograph (EMG) sensors that can efficiently obtain biosignals from the surface of
the human body. Especially, a non-invasive biopotential electrode is well known for its
key contribution as a component of a biopotential acquisition system from a human being
due to its fast measurement setup on the surface of the human body without leaving a
scar. Robust and reliable biosignal acquisition is strongly dependent on the characteristic
of biopotential electrodes, such as adhesion, wet-degradability, conductivity and micro-
/macroscopic morphology.

So far, much work on the development of biopotential electrodes has been carried
out in terms of material properties and mechanical flexibility to record biosignals. Com-
mercially, wet-type electrodes (typically, Ag/AgCl) have been widely utilized because of
their high conductivity and conformability to human skin [1-3]. However, electrolytes
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of the wet-type electrodes are diffused into the subcutaneous area of the human body,
and organic solvents of the wet-type electrodes evaporated over a long period of time.
Thus, this would cause skin irritation and significant decays of the signal-to-noise ratio
of biosignals, respectively. Instead, the fabrication of dry-type electrodes was intensively
investigated using a thin metal [4-7], a carbon nanotube (CNT) [8-11], polymer—metal
particle composites [12], graphene [13-17] and conductive polymers, such as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [18-20].

Major technological issues in the fabrication of biopotential electrodes are mechan-
ical robustness and reliability for long-term biosignal recording. A previously reported
study fabricated organogel-based strain-insensitive conductors using PEDOT:PSS, polyacry-
lamide (AAm) and ethylene glycol (EG) [18]. Excessive ions and impurities in PEDOT:PSS
were eliminated via dialysis. In addition, EG, which has a high boiling point (197 °C),
scarcely evaporated at room temperature, so organogel-based PEDOT:PSS maintained the
compositional ratio over a long time. Biocompatible PEDOT:PSS electrode was fabricated
by blending a waterborne polyurethane (WPU) and D-sorbitol, which is a food additive
used in various fields such as cosmetic lotions, creams, toothpastes and food additives [20].
The fabricated dry-type PEDOT:PSS electrodes exhibited excellent electrical conductiv-
ity, strong adhesion properties and long-term stability. Complex microstructured and
macropillar-shaped biopotential electrodes have been reported by a research group of ETH
Zurich, which exhibited low electrical impedance [21]. The complex microstructured elec-
trodes and macropillar-shaped electrodes were fabricated using multiple photolithography
and a stencil printing technique, respectively. However, the fabrication of the biopotential
electrodes involved multiple steps of the lithographic process and could suffer from the
reduction in the fabrication process yield. From these points of view, human-friendly
and environmentally friendly biopotential electrodes are highly required, with simple yet
robust film formation using conductive polymers.

PEDOT:PSS, a representative high-conductivity polymer, is a polymer mixture com-
posed of conductive PEDOT and insulating PSS. PEDOT:PSS has attracted attention over
the decades due to high transmittance in the visible light region and solution processability.
PEDOT:PSS can be applied to various electronic devices and display fields, such as wear-
able devices, transparent electrodes and solar cells [22-24]. Recently, research has been
reported to improve the conductivity, thermoelectric characteristics and mechanical flexibil-
ity of PEDOT:PSS. Ionic liquids such as butyl-3-methylimidazolium, tetrafluoroborate and
2-methylimidazolium hydrogen sulfate improve the conductivity of PEDOT:PSS [25,26]. In
addition, deep eutectic solvents (DES), which are biocompatible, and biodegradable sol-
vents increased the thermoelectric and sensing characteristics of PEDOT:PSS [27,28]. Lastly,
the addition of elastomer to PEDOT:PSS leads to high mechanical characteristics [29]. The
PEDOT:PSS composite, with improved conductivity, sensing and mechanical characteristics,
is a strong potential candidate for use as an electrophysiological epidermal electrode.

In this light, we present waterproof dry-type PEDOT:PSS (WPD) electrodes covered
with a commercially available fluorinated polymer (CYTOP), WPU and polyethylenimine
(PEI) on a polyimide (PI) substrate to measure human electrocardiography (ECG) and
electromyography (EMG). Due to the doubled cover of CYTOP on the electrode structure,
a powerful waterproof characteristic was realized on the ECG and EMG electrodes. The
waterproof dry electrode sensed biosignals without deterioration over 2 weeks. More-
over, the material constituting the dry electrode had an excellent eco-friendly degradable
characteristic to minimize the production of electronic waste. Our proposed PEDOT:PSS-
based dry electrode demonstrated a stable ECG and EMG signal recording wirelessly with
real-time monitoring.

2. Materials and Methods

The PI substrate that acted as a framework to form the proposed electrode was cut to
a certain size (2 cm x 2 cm). The standardized PI substrate was sonicated in acetone and
isopropyl alcohol (IPA) for 10 min sequentially and then dried with nitrogen gas (99.99%).
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After all the residue was removed in an oven at 95 °C for 5 min, the CYTOP solution was
diluted 1:5 by CYTOP solvent (CT-SOLV180) and stirred for 6 h. The CYTOP solution with
0.5 mL was coated on the standardized PI substrate at 3000 rpm for 30 s and then annealed
with a hotplate at 100 °C for 20 min, and 150 °C for 1 h sequentially in order to remove
the CYTOP solvent. A total of 0.5 mL of the PEI solution (Sigma-Aldrich, St Louis, MO,
USA) was coated at 3000 rpm for 30 s in the opposite layer of the PI substrate, in which the
CYTOP was not coated to form an adhesion layer for selective molding and firm fixation
of the PWE solution. The PWE solution was prepared by mixing a PEDOT:PSS solution
(Heraeus, Hanau, Germany), WPU (Sigma-Aldrich, St Louis, MO, USA) and ethylene glycol
(Sigma-Aldrich, St Louis, MO, USA) overnight (mixing ratio, 6:1:2). The WPU solution was
prepared by stirring overnight at a ratio of 10:1, using deionized water as a solvent. The
prepared PWE solution was drop-cast on the coated PEI layer and then, a 110 °C annealing
process was performed in an oven. The drop-casting process of the PWE solution and
annealing process using the oven was repeated 4 times (total of 2500 mL: 500 mL, 500 mL,
750 mL, 750 mL).

To investigate the chemical structure and the change in the energy level of WPD
electrodes, the X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spec-
troscopy (UPS, AXIS Supra, Kratos, Manchester, UK) measurements were performed and
using a monochromatic Al K« (hv = 1486.6 eV) source. The morphological properties of the
WPD electrodes were characterized by scanning electron microscopy (SEM, S-4700, Hitachi,
Tokyo, Japan) and atomic force microscopy (AFM, Park NX10, Park systems, Suwon, South
Korea). The image size of AFM was 10 um x 10 pm, and the resolution was 0.05 nm.
The surface energy was investigated by contact angle measurements (DSA100, KRUSS,
Hamburg, Germany) and calculated with KRUSS advanced software.

3. Results and Discussion

Figure 1 shows the fabrication process of the proposed waterproof dry electrode
and the chemical structures of the materials. The proposed electrode which detects the
human biopotential signals such as ECG and EMG was composed of three polymers:
PEDOT:PSS [30,31], WPU [32,33] and EG [34]. PEDOT:PSS is a polymer with high conduc-
tivity and was used as the main active material of the proposed electrode. In addition,
PEDOT:PSS, which has high transmittance in visible light regions and solution process-
ability, has attracted attention in fields such as wearable devices, transparent electrodes
and solar cells. However, PEDOT:PSS film is not suitable for reliable contact with mov-
ing human skin due to its relatively low physical durability and flexibility. The added
WPU provides elasticity and flexibility characteristics to PEDOT:PSS films to minimize
the damage to the electrode due to the movement of the human body. In addition, EG
provides additional conductivity to the PEDOT:PSS films, allowing the WPD electrode to
reliably detect ECG and EMG biopotential signals. The PEI plays the role of the adhesive
layer between the blended polymer electrode solution and the PI substrate. Moreover, the
hydrophobic CYTOP layer coated on the PI substrate protects the WPD electrode from
external liquids. The PI substrate acts as the framework for the WPD electrode and leaves
an additional waterproof effect. A detailed description of the fabrication process of the
waterproof dry electrode is presented in the Section 2.

The position of the WPD electrodes attached to the human body for detecting the
ECG and EMG biopotential signals and the shape of the waveform are shown in the
3D illustration (Figure 2a,b). There were two-electrode and three-electrode systems for
detecting ECG and EMG biopotential signals, respectively. The two-electrode system was
composed of positive and negative electrodes, whereas the three-electrode system added a
reference electrode to set the biopotential standard. It is noted that a blue-wired electrode
indicates positive and negative electrodes, while a yellow electrode indicates a reference
electrode. Figure 2c and d show the front side and back side photography of the fabricated
WPD electrode, respectively. In addition, the WPD electrode with flexible and elastic
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characteristics by the PI substrate is shown (Figure 2e). Figure 2f shows the WPD electrode
was attached to real human skin using a medical sticker to detect the biopotential signals.
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Figure 1. The 3D illustration of the waterproof dry-type PEDOT:PSS (WPD) electrode fabrication
process and chemical structure of constituent materials.

Figure 2g is a block diagram of a real-time monitoring system to obtain ECG and EMG
biopotential signals. The system was divided into two sub-systems: the sensor node and
the host node. In the sensor node, there was a 180 k() resistor placed between the WPD
electrode and the amplifier to ensure that the current flow never exceeded 10 pA. The analog
amplifier and filter block conditioned the biosignal acquired from the WPD electrode with
a voltage gain of 60 dB (AD8232, Analog Devices). An instrumentation amplifier initially
amplified the signal from the WPD electrodes and attenuated common-mode signals. An
active filter conditioned the signal with a second-order high-pass and a low-pass active
filter to eliminate unnecessary motion artifacts and high-frequency noise. The active filter
was designed with a passband from 0.34 Hz to 41 Hz and 40.17 Hz to 727 Hz for ECG and
EMG, respectively. A right leg drive circuit was used to further improve the common-mode
rejection. To eliminate powerline noise caused by general consumer electronics, a Twin-T
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notch filter block was implemented. The biosignals were then sampled at 12 bits with a
sampling rate of 7 kSps using the Analog-to-Digital Converter (ADC) embedded in the
Bluetooth low-energy system-on-chips (BLE SoC, nRF52832, Nordic Semiconductor). The
sampled data were collected in a buffer and transmitted from a burst mode to the host node
every 24 ms. This sensor node sub-system was manufactured in a printed circuit board
(PCB) with a size of 13 mm x 30 mm. The wirelessly transmitted data were received by the
host node, which could either be a smartphone or a personal computer, where the data
were displayed in real time by a custom-made software application.
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Figure 2. The ECG and EMG biopotential signal detecting system, and the wireless real-time mon-
itoring system. The 3D illustration of 2-electrode systems and 3-electrode systems for detecting
human ECG and EMG biopotential signals. Blue electrode: positive and negative electrodes, yellow
electrode: reference electrode. (a) The position of WPD electrodes attached to a human chest to detect
the ECG biopotential signals; (b) the position of WPD electrodes attached to a human right leg to
detect the EMG biopotential signals; the photography of the fabricated WPD electrodes; (c) the front
side of the WPD electrodes; (d) the back side of the WPD electrodes; (e) the flexibility of the WPD
electrodes; (f) the WPD electrodes attached to a real human body; (g) the block diagram of a real-time
monitoring system.

SEM measurement was used for the analysis of WPD electrodes (Figure 3a). SEM
images of the WPD electrode layer without PEI and the WPD electrode layer were captured.
The wrinkles were observed on the surfaces of both dry electrodes fabricated using the
drop-casting process. AFM measurement was conducted to analyze the surface properties
of the proposed WPD electrode layer with or without the PEI layer and, additionally,
the presence or absence of CYTOP on the PI substrate was confirmed (Figure 3b). The
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roughness of the PI substrate and the PI substrate on CYTOP was 6.96 nm and 7.13 nm,
respectively. In addition, the roughness of the WPD electrode layer without PEI was 7.45
nm, whereas it increased to 15.44 nm when the PEI layer was added. The surface was
not smooth, due to the two types of WPD electrodes produced via drop-casting. Lastly,
the presence of the PEI layer increased the contact surface area with human skin with
additional roughness, allowing for stable ECG and EMG biopotential signal detection [35].
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Figure 3. The morphological analysis of the WPD electrodes. The SEM surface image of (a) the WPD
electrode layer without PEI and WPD electrode layer; the AFM surface image of (b) the PI substrate,
CYTOP coated PI substrate, WPD electrode layer without PEI and WPD electrode layer.

XPS was performed to shed light on the chemical structure of the WPD electrodes.
Figure 4a shows the S 2p spectra of PEDOT:PSS and WPD electrodes. The PEDOT chain
peak occurred in the range of binding energy of 162 to 166 eV and the PSS chain peak
occurred in the range of binding energy of 166 to 172 eV (Figure 4b) [36,37]. The PEDOT
chain peak intensity of WPD increased more than PEDOT:PSS, which indicated an improve-
ment in conductivity [38]. Sheet resistance measurement was performed to investigate the
conductivity of PEDOT:PSS and WPD electrodes (Supplementary Figure S1). The measured
sheet resistance of PEDOT:PSS and WPD electrodes was equal to 10.67 () and 1.158 (),
respectively. The sheet resistance of the WPD electrode was improved by EG. The EG
enhanced the conductivity of PEDOT:PSS by removing the insulating PSS chains from
PEDOT:PSS. Figure 4b shows the UPS spectra of the WPD electrode with the optimized
composition ratio. The valence band maximum (VBM) and the cut-off of the WPD electrode
were plotted as 17.21 eV and 3.25 eV, respectively. As a result, the WPD electrode had a
work function of 3.99 eV, which was reduced by 0.85 eV, compared to the work function
of the pure PEDOT:PSS of 4.84 eV (Supplementary Figure S2). The optical bandgaps of
PEDOT:PSS and WPD electrodes were calculated using the Tauc plot method (Supplemen-
tary Figure S3). The optical bandgaps of the WPD electrode and the PEDOT:PSS electrode
were 5.13 eV and 5.12 eV, respectively. The 0.01 eV energy bandgap change between the
PEDOT:PSS electrode and the WPD electrode was negligible. When WPU and EG were
added to PEDOT:PSS to fabricate WPD electrodes, the Fermi level increased by 0.85 eV,
while the energy band was maintained unchanged.
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Figure 4. (a) The XPS analysis of the PEDOT:PSS and the WPD electrode; (b) the UPS analysis of the
optimized WPD electrode.

The contact angle analysis was performed for the hydrophobic characteristics of a
CYTOP-coated PI substrate and the investigation of the surface energy with the WPD
electrode layer. The deionized water (DI water) and formamide were used to measure
the contact angle and surface energy (Figure 5a,b). Figure 5c shows the histogram graph
of the contact angle with deionized water and formamide. When CYTOP was coated on
the PI substrate, the contact angle increased from 87.35° to 109.09° in DI water and also
increased from 45.73° to 93.16° in formamide. Additionally, the contact angle characteristics
of the WPD electrode without the PEI layer and the WPD electrode were analyzed. The
contact angle between the WPD electrode without the PEI layer and the WPD electrode
by DI water changed from 46.86° to 45.22°, and the difference of 1.64 degrees was negli-
gible. On the other hand, the contact angle at formamide changed from 24.37° to 37.47°,
and the difference was 13.1°. Additionally, the surface energy of four types of samples
(PI substrate, CYTOP-coated PI substrate, WPD electrode without PEI layer and WPD
electrode) was analyzed. The surface energy of the PI substrate and the CYTOP-coated
PI substrate was 58.22 mN/m and 14.49 mN/m, respectively. On the other hand, the
surface energy of the WPD electrode without the PEI layer and the WPD electrode was
58.53 mN/m and 52.96 mN/m, respectively. As a result, the PI substrate that prevented
the physical penetration of external liquids and the CYTOP with strong hydrophobicity
prevented the decomposition of the WPD electrode by liquid. [39,40]. To demonstrate the
eco-friendly disposal of the proposed WPD electrodes, a degradability test was performed.
Figure 5e shows photography of the WPD electrode immersed in DI water at 60 °C. The
WPD electrode that was ultrasonicated had totally degraded, leaving tiny fragments after
140 min. This shows that PEDOT, WPU and EG composing the WPD electrode all have the
characteristics of being degradable by water, and that degradability proceeds easily with
external stimuli.

Additionally, degradability tests of the WPD electrodes immersed in cold water were
performed (Supplementary Figure 54). The WPD electrodes immersed in cold water (22 °C)
were degradable in 600 min, with the exception of small fragments. The degradable rate of
WPD electrodes in cold water was about 460 min slower than in hot water. The observed
result indicates that hot water at 60 °C activates the chemical reaction of the WPD electrode,
causing it to degrade quicker [41].
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Figure 5. The analysis of contact angle. (a) The image of contact angle with deionized water; (b) the
image of contact angle with formamide; (c) the histogram graph of contact angle with deionized water
and formamide; (d) the graph of surface energy; (e) photography of degraded the WPD electrode
over time.

The ECG and EMG biopotential signals were confirmed using the proposed WPD
electrode. The ECG and EMG biopotential signals were received from the chest and left
leg, respectively. Additionally, the medical sticker was used to immobilize the electrodes
with human skin. We compared it with a commercial AgCl-based electrode to prove the
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superiority of the WPD electrode in the detection of ECG and EMG biopotential signals. The
ECG and EMG biopotential signals were measured using both the three-electrode system
and the two-electrode system (Figure 6a—d). The ECG biopotential signal measured with
the WPD electrodes clearly defined the peaks of the PQRST. The ECG could be identified
by the repetitive P wave, QRS complex and T wave. The P wave and QRS complex were
generated by atrial depolarization and ventricular depolarization, respectively. In addition,
the T wave was caused by the repolarization of the ventricles. [42] Additionally, the EMG
biopotential signals, which represent the movement of human muscle, were defined and
gathered using the miniaturized monitoring system. In addition, we also plotted the PQRST
peak of the ECG waveform measured with the WPD electrodes, compared to a commercial
AgCl-based electrode used to investigate the ability to discriminate the waveform of the
ECG measured (Figure 6e,f). In the three-electrode system, the change in the PQRST
biopotential signal of ECG detected with WPD electrodes averaged 16 mV. In addition,
the biopotential of the T peak, detected with the two-electrode system using the WPD
electrode, was measured to be more than 130 mV higher than the commercial AgCl-based
electrode, which proves that the ECG biopotential signals are measured more clearly with
the WPD electrode. Figure 6f,g show the quantified EMG biopotential signals that plotted
the five waveforms. The EMG biopotential signal change in the three-electrode system was
measured to 10 mV, whereas the two-electrode system was measured to 6 mV. As a result,
the WPD electrode and the commercial AgCl-based electrode show similar capabilities for
detecting ECG and EMG biopotential signals. Note that the voltage readings were based
on the amplification and filtering process of the sensor node.
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Figure 6. The biopotential signals of ECG and EMG with the WPD electrodes and commercial AgCl-
based electrodes. (a) The ECG biopotential signals in 3-electrode system; (b) the ECG biopotential
signals in 2-electrode system; (c) the EMG biopotential signals in 3-electrode system; (d) the EMG
biopotential signals in 2-electrode system; (e) the PQRST peak in 3-electrode system; (f) the POQRST
peak in 2-electrode system; (g) the quantified EMG biopotential signals in 3-electrode system; (h) The
quantified EMG biopotential signals in 2-electrode system.
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Next, we investigated the proposed electrode’s robustness by reusing the same WPD
electrode for 2 weeks. The ECG and EMG biopotential signal measurements were per-
formed utilizing reused WPD electrodes at 1-week intervals (Figure 7a,b). The ECG and
EMG biopotential signals were clearly detected by the reused WPD electrodes. As a result,
the WPD electrode showed superior performance in detecting ECG and EMG biosignals
over two weeks. We also plotted the PQRST peaks of the ECG biopotential signal detected
with the reused WPD electrodes at 1-week intervals (Figure 7c,d). The ECG biopoten-
tial detected by the two-electrode system presented a 101 mV insignificant difference
biopotential at the R peak. On the other hand, in the ECG biopotential signals measured
with the three-electrode system, the peak intensity differed by an average of 402 mV. The
plotted EMG biopotential signal intensity decreased as the number of reuses of the WPD
electrode increased (Figure 7e,f). The EMG averaged biopotential signals measured with
the two-electrode system and the three-electrode system had a difference of 44 mv and
47 mv, respectively. Again, the biopotential readings were obtained from the sensor node
described in Figure 2.
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Figure 7. The robustness of the WPD electrodes. (a) Repeatability tests for 2 weeks with the WPD
electrode for ECG biopotential signals; (b) repeatability tests for 2 weeks with the WPD electrode
for EMG biopotential signals; the biopotential signal detected for 2 weeks at intervals of 1 week; (c)
the PQRST peak in 3-electrode system; (d) the PQRST peak in 2-electrode system; (e) the quantified
EMG biopotential signals in 3-electrode system; (f) the quantified EMG biopotential signals in
2-electrode system.

4. Conclusions

In summary, we presented waterproof dry-type PEDOT:PSS (WPD) ECG and EMG
electrodes protected from external liquid using a double layer of a polyimide (PI) substrate
and fluorinated polymer CYTOP. The morphological characteristics and chemical com-
position ratios of WPD electrodes were investigated through XPS, UPS, SEM and AFM
analysis. Additionally, the waterproofing effect of the PI substrate and CYTOP layer was
verified using the contact angle analysis. The WPU and EG improved the flexibility and
additional conductivity characteristics in the proposed WPD electrodes, respectively. The
WPD electrode clearly detected ECG and EMG biopotential signals using the two-electrode
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system and the three-electrode system. In addition, the WPD electrode and the commer-
cial AgCl-based wet electrodes showed similar performances in detecting ECG and EMG
biopotential signals. The proposed WPD electrode verified the robustness of the electrode
by detecting ECG and EMG biopotential signals for 2 weeks. Our study can be applied
to dry biopotential electrodes research regarding the reliable detection of biosignals in an
external humid atmosphere.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings11030274/s1, Supplementary Figure S1: Sheet resistance of
PEDOT:PSS electrode and the proposed WPD electrode. Supplementary Figure S2: The UPS analysis
of the PEDOT:PSS. Supplementary Figure S3: Optical bandgap of the PEDOT:PSS electrode and the
proposed WPD electrode shown in the Tauc plot method. Supplementary Figure S4: Photography of
WPD electrode degradable performance over time immersed in cold water.
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Abstract: Geotextiles are used for separation, drainage, filtration and anti-erosion protection sealing,
as well as to improve plant vegetation conditions. The research objective of this study was to verify
the influence of the addition of poultry feathers on accelerating the biodegradation of nonwovens in
cultivated soil. The tests were carried out in laboratory conditions and were based on the assessment
of weight loss. The experiments confirmed the positive effects of the presence of waste that was rich
in keratin on the time required for the biodegradation of the tested materials (the period of biodegra-
dation was 8-24 weeks). Additionally, the influence of the biodegradation of the tested materials
on the ecotoxicity was investigated and showed no negative effects on the microbiological activity
(108 cfu). The research also included the determination of the carbon to nitrogen ratio of the test
medium (blank, 12-14:1; with feather addition, 19-20:1). A statistical analysis revealed a correlation
between the mechanical properties and the period of biological decomposition. This research was an
important step for the management of poultry feather waste in agricultural applications. The tested
materials could be seen an alternative that meets all ecological criteria, which seems to be a golden
solution that not only allows the delivery of important nutrients to the soil, but also manages waste
in an environmentally safe manner.

Keywords: biodegradation; keratin; feather; poultry waste; nonwovens

1. Introduction

According to the Organisation for Economic Cooperation and Development (OECD),
“biodegradation” is the process of the decomposition of organic substances by microor-
ganisms into simpler substances, such as carbon dioxide, water and ammonia [1,2]. The
microorganisms require energy and oxygen, carbon, phosphorous, sulphur, nitrogen, cal-
cium, magnesium and other elements to grow and reproduce. Organic substances are
oxidised into carbon dioxide and water through an exothermic process and the obtained
energy is partially used by the microorganisms and the rest is lost as heat. The process
can be especially observed in composting. Biodegradation can be conducted both under
aerobic and anaerobic conditions [3]. Bacteria, fungi, insects, worms and many more or-
ganisms participate in the breakdown of various materials. Biodegradation is essential for
nature and the whole ecosystem because it provides the opportunity to decrease waste and
produce nutrients that are crucial for the growth of new life [4,5]. Recently, biodegradability
has become a requirement for materials that are used in everyday life and is one of the
essential features for evaluating their sustainability [4].

A wide range of tests can be applied to examine the biodegradability of a product.
The choice of method refers to the type and properties of each sample. The biodegradation
process is conducted mainly in water, soil and compost environments [6]. The estimation of
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biodegradability is mainly based on a calculation of weight loss or by an evaluation of the
production of CO,. Each method has its own advantages and disadvantages. Estimation
on the basis of released CO, only relates to the measured and calculated theoretical carbon
content of the sample. In the method that is based on the weight loss calculation, there is
the risk of losing microscopic parts of the sample. Nevertheless, in our opinion, the second
method provides a more complete picture of the degradation process and the behaviour of
the sample over time (influence on the structure, surface, disintegration ability, etc.).

Chemical fibres are manufactured for various purposes, including textiles and agricul-
ture. The worldwide production of fibres is growing every year. The literature reports that
the global production output of chemical fibre (organic and synthetic) industry has reached
80.9 million metric tons [7]. Synthetic polymers are the most commonly used materials to
produce manmade fibres. Due to the fact that they are not biodegradable, their application
needs to be limited and products should be reused to a limited extent. The resistance
of these materials to biological breakdown is crucial because of environmental pollution.
Their build-up in the environment results in the release of toxic pollutants, which then
influence living organisms within the soil and water [4].

The importance of fibre-reinforced composites in the manufacture of a wide range
of industrial products is still increasing. Special interest is focused on the replacement
(full or partial) of synthetic polymers with biopolymers, including keratin. This polymer
can be obtained from sheep wool, poultry feathers, horn, nails and many other sources.
Its chemical properties allow for the use of keratin as a thermoset material, which can
be linked to other polymers [8-11]. Biodegradability, biocompatibility and fire-retardant
capability are among the valuable properties of keratin [8].

It should be highlighted that according to the regulations of the European Parlia-
ment [12], the promotion of harmonious and sustainable economic growth should be
carried out with respect for the natural environment. The modern approach to environ-
mental protection enforces the creation and implementation of new technologies, especially
those that contribute to the elimination of pollution at the source.

In a leading company on the Polish market, the amount of waste in the form of feathers
is 6 tons per day, which is processed into industrial flour. The European Union (EU) has
banned its use in fodder, which has caused a problem with the legitimacy of processing
feathers that are a by-product of slaughter into industrial meal.

The processing of keratin-rich feathers allows us to obtain diverse thermoplastic bio-
composites and translates into improvements in economic returns for the poultry industry.
The composition of feather keratin is based on small protein molecules (molecular weights
of 10-30 kDa). Extensive internal bonding results in thermal and mechanical stability [13].
Undeniably, its low cost and natural abundance makes feather keratin a valuable material
for the production of biodegradable polymers for various applications [8].

The literature has reported the incorporation of feather keratin in various synthetic
polymers, such as polypropylene (PP) and polyethylene (PE) [14,15]. Cheng et al. [16]
investigated the possibility of incorporating feather fibres into polylactic acid (PLA). Other
researchers combined feathers with polyurethane [11,17].

The biodegradation of fibres starts with changes in their structures or compositions.
Chemical changes can be examined by the application of Fourier transform infrared
spectroscopy (FTIR) or infrared spectroscopy. Degradation can be also estimated by vi-
sual observations and microscopy [4,18]. According to the European Standard EN 14995
Plastics—Evaluation of Compostability—Test scheme and specifications (2009) [19], the
biodegradation process of a sample cannot exceed 24 weeks. The progress of decomposi-
tion is estimated and calculated on the basis of weight loss. While the biodegradability of
various textiles is a desirable feature, sometimes the final product design requires sufficient
resistance to degradation in order to provide long-term use [4]. Yet, the safety of use should
be examined.

Poultry feathers are a by-product of animal origin, which are obtained during poultry
slaughter. There are about 33 plants and 100 slaughterhouses operating within the poultry
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industry in Poland, of which Cedrob S.A. is Poland’s largest. Cedrob S.A. belongs to the
Cedrob Group, which also includes Gobarto S.A. (the leading pig meat producer) and
Cedrob Passau GmbH (the Cedrob Group’s representative on the German market).

The further processing of feathers into poultry meal is realised by Utilisation Plants,
which was used as a protein additive for industrial feeds until 2004. After the introduction
of the Regulation of the European Parliament and Council (EC) No. 999/2001, the ban on
its use in livestock nutrition has caused a problem with the reasonableness of processing of
feathers, among other materials, from slaughter into industrial meal. The only other uses
of such meal are possibly as organic fertiliser for field fertilisation or as an addition to incin-
eration in industrial boiler rooms. Both applications have no economic or environmental
justification and can cause environmental and health hazards.

In response to the need to manage feather waste, the Team of Keratin Composites
from the Lukasiewicz Research Network, Institute of Biopolymers and Chemical Fibres,
aimed to develop innovative feather-based nonwovens that are characterised by additional
functionalities and advantages, which are derived from the use of feather keratin, such
as tailor-made biodegradation that is adjusted to the crop duration, the input of organic
nitrogen into the soil, zero waste at their end of life and cost-competitive materials. The
nonwovens that are obtained by the needle punching method consist of wool and feather-
based keratin fibres and can be used for agricultural applications. This method has now
been patented (P.430284 (19 June 2019) “Method for producing fluffy composite nonwoven
fabric”). In this context, the main objective of this study was to create a concept for a waste
management method for the by-products of animal production that is desirable from the
point of view of economics and social effects through the exploitation of underutilised
waste, in order to obtain added value raw materials for the agricultural sector, such as
feather-based nonwovens. The technology of the designed solution assumes that the share
of waste material in the form of feathers is at a level of about 50%.

There are many reasons why developed nonwovens are suitable for agricultural use:

e  They are safe for the environment and human health by ensuring a reduction in
biomass waste, in the form of feathers, that is deposited and pollutes the environment;

e The developed innovative nonwovens are made of biodegradable raw materials of
natural origin;

e  We have the ability to control the time of microbial decomposition by adjusting the
share of feather fractions in the nonwovens;

e They have high efficiency with low financial outlay (i.e., the market price of the
developed products is much lower than that of fossil-based products due to the fact
that they are made from waste materials);

e  Nonwovens that are made from natural waste resources can be used soil improvement
agents because they contain significant amounts of fertilising ingredients within their
structure, which can then be used to meet the nutritional needs of crops.

The paper presents the results of the biodegradation of keratin-based nonwoven
fabrics in a soil environment and the influence of their mechanical properties on the process.
The influence of the composition (feather amount) on the susceptibility of the material to
biodegradation was examined and a statistical analysis was performed.

2. Materials and Methods

This study was carried out on two groups of protective nonwovens with the addition
of keratin fibres in the form of feathers from a poultry slaughterhouse (i.e., Cedrob S.A,,
Ciechanoéw, Poland, which is Poland’s largest poultry producer).

The technology of the designed solution assumed the share of waste material, in
the form of feathers, in the nonwovens to be at the level of about 50%. The percentage
content of feathers in the nonwovens was estimated on the basis of a weight study: the
difference in weight of the nonwoven containing the feathers and that of the reference
nonwoven (without feathers). The first group was composed of Trevira bico “type 256” and
the second was of Trevira bico “type 453”. Additionally, the reference samples, without
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feathers, were examined and were marked as “0”. The nonwovens were designed and
intended to cover the grassy-bean mixture on difficult terrains (new dumps, heaps, railway
embankments, ski slopes, etc.), on which obtaining a good sodding is very difficult. Table 1
presents the compositions of the samples that were tested. Table 2 presents selected
mechanical properties of the materials. The SEM photo-documentation can be found in the
Supplementary Material (Table S1).

Table 1. The compositions of the tested nonwovens.

Feather Amount Wool Amount Trevira Bico
Group Nonwoven o o
(%) (%) Amount (%) Type

0 90 10
Nonwoven I 385 55 6
0 90 10

I Nonwoven II 34.8 58 7 256
0 90 10
Nonwoven III 44.4 50 6
30.0 63 7
Dal/1 0 90 10
DAI/1and?2 3%'0 gé 170

II 453
DA1/2 40 54 6
0 90 10
40.0 54 6
DA I1/2 0 % 10

Table 2. The mechanical properties of the tested materials (+ SD).

Tensile Tensile Tear Tear

Base Weight Thickness Strength in Strength in Resistance in Resistance in
(g/m?) (mm) the Horizontal the Vertical the Horizontal the Vertical
Group Nonwoven Feather Direction (N) Direction (N) Direction (N) Direction (N)
EN EN ISO EN EN EN ISO EN ISO
29073-1:1994 9073-2:2002 29073-3:1994 29073-3:1994 9073-4:2002 9073-4:2002
Wool + 782 +23 1.33 + 0.06 1.11 +0.22 2.02 £ 0.43 1.80 + 0.08 1.22 +0.04
ool I - 48.1 £4.5 1.13 £ 0.05 1.18 £ 0.60 2.68 + 0.57 2.26 +0.30 1.45 4+ 0.36
I Wool II + 158.0 £ 7 2.04 +0.08 391 +1.07 10.20 £+ 2.60 5.18 +0.39 494 +0.31
00 - 103.0 + 10.0 1.75 4 0.08 4.89 +1.84 7.22 +1.09 5.89 +0.91 321+0.35
+ 284.0 £+ 8.0 2.83 +£0.18 319 +£12.1 27.20 £2.20 31.2+6.3 154 +22
Wool I1I - 158.0 + 12.0 2.11 £ 0.07 14.90 £+ 2.40 40.00 £5.1 18.90 £ 3.20 2350 £ 6.1
DA 1/1 + 103.0 £ 6 1.62 +0.12 0.36 +0.11 0.70 + 0.15 1.06 £ 0.56 0.52 +0.46
- 86.0 + 4.00 1.76 +£ 0.13 0.58 + 0.05 1.14 +£0.27 1.43 £ 0.51 0.65 + 0.12
DA1/1and 2 + 116.0 + 13.0 1.70 +0.14 0.44 £ 0.05 0.92 £ 0.16 1.17 £ 0.36 0.38 £0.20
I - 70.9 + 3.80 1.56 + 0.12 0.56 £ 0.10 1.01 £0.21 1.02 +0.30 0.64 £ 0.57
DA1/2 + 101.0 + 14.0 1.75 £ 0.15 0.34 +0.07 1.44+1.29 1.38 £ 0.04 0.43 +£0.12
- 86.0 + 4.00 1.76 £ 0.13 0.58 + 0.05 1.14 £ 0.27 1.43 £ 0.51 0.65 + 0.12
DATI/2 + 144 + 0.16 2.14 +£0.13 0.69 + 0.14 1.70 + 0.46 1.94 £+ 0.32 0.85 4+ 0.34
- 90.8 £ 5.00 1.93 +0.15 0.72 £0.12 242 £0.51 2.74 £+ 0.68 0.67 £0.14

The biodegradation tests were carried out at the laboratory scale. For the experiments,
samples taken from nonwovens that were produced at a quarter-technical scale were used.
Each 5 x 5 cm sample was tested in triplicate under the conditions of repeatability and
reproducibility. For each final result, the components of the uncertainty of the measurement
were determined. The method used has been validated. Cotton (100%) was used as
reference material. According to the available standards, biodegradable materials should
achieve 90% decomposition within a maximum period of 24 weeks.

The biodegradability tests were conducted in soil under the controlled conditions
of temperature (30 & 2 °C) and humidity (60-75%). The start of each test was preceded
by an examination of the microbiological activity of the medium (soil) in order to ensure
appropriate conditions (>10° cfu). The samples were placed in research reactors that
were filled with the test soil and then stored in a heat chamber, which enabled the control
and maintenance of the set environmental parameters (temperature and humidity). The
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incubation process was carried out at a constant temperature for a maximum period of
24 weeks with the daily humidity control of the test medium. Within the designated
periods, the progress of the biodegradation process in aerobic conditions was controlled.
Photo-documentation was also obtained. Additionally, ecotoxicity tests were conducted
and showed the influence of the decomposition of the developed nonwovens on the
microbiological activity of the microorganisms inhabiting the soil. This research was
carried out in accordance with the accredited research procedure of the “Assessment of
the influence of natural and synthetic materials on soil microflora”, which was developed
on the basis of the relevant international standards (EN ISO 7218:2008; EN ISO 11133; EN
ISO 11133:2014-07/ A1; EN ISO 4833-1:2013-12; EN ISO 19036:2020-04).

The mechanical properties were also tested according to the relevant international
standards (PN-EN ISO 9073-2:2002; PN-EN 29073-1:1994; PN-EN 29073-3:1994; PN-EN
ISO 9073-4:2002).

Due to the complexity and heterogeneity of the research materials, it was not possible
to describe the reaction stoichiometry in detail. Nevertheless, the research included the
determination of the carbon to nitrogen ratio within the test medium during the biodegra-
dation process. The aim was to control the C:N ratio and verify that it was not negatively
influenced by the sample decomposition.

The data were then statistically evaluated using a statistical analysis package (StatSoft,
Poland STATISTICA, version 9.0.). The Shapiro-Wilk test was used to check for the normal
distribution of the results. When the results were non-parametric, the Mann-Whitney U
test was used to determine any differences between the results in both groups. The level of
statistical significance was defined as p < 0.05. A correlation analysis was also performed.

3. Results

The mechanical properties of the studied materials were tested. Table 2 presents the
obtained results.

The biodegradation degree (mass loss) was calculated for the tested groups of nonwo-
vens. The level of mass loss varied considerably between these groups. After 24 weeks, the
level of biodegradation in Group I reached an average of 89.6% =+ 2.67, while in the Group
II, all samples reached 100% within 8—24 weeks. Table 3 presents the photo-documentation
of the progress of the process for selected samples. The application of the Shapiro-Wilk
test showed that the hypothesis regarding the data being normally distributed could be
rejected (p < 0.05). The differences between the levels of mass loss of the two groups were
found after performing a Mann-Whitney U test. Considering a difference in the p-value
of < 0.05 to be statistically significant, the compositions of the nonwovens had an influence
on their biodegradability.

Table 3. The photo-documentation of the biodegradation process (Sample DA II/2).

DA I11/2 “0” DA 11/2

1 Week

4 Weeks

8 Weeks
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Table 3. Cont.

DA 11/2 “0” DA 1I/2
12 Weeks
16 Weeles Biodegradation
100%
20 Weeks
24 Weeks Biodegradation

100%

For the samples from Group II, a detailed analysis of the effects of the addition of
poultry feathers on biodegradation was performed. Figure 1 presents the ratio of the
biodegradation times of the materials.

20
15

10

time of biodegradation [week]

feather addition without feather addition

nowovens

DAI/1 DA /2 DAlI/2 mDAI/land2

Figure 1. The biodegradation times of the samples, with and without the addition of feathers, for the
samples in Group II.

In order to present the differences between the selected features of the tested samples
in Group II, an ANOVA test was performed (Table 4).

Table 4. The results obtained by the ANOVA test for the samples in Group II.

Feather
No Yes
Mean 14 9
SD* 6.93 2.00
Week of Biodegradation Min. 8 8
Max. 24 12
Median 12 8

64



Polymers 2022, 14, 2370

Table 4. Cont.

Feather
No Yes
Mean 0.61 0.46
SD* 0.07 0.16
Tensile Strength in the Horizontal Direction Min. 0.56 0.34
Max. 0.72 0.69
Median 0.58 0.40
Mean 1.42 1.19
SD * 0.66 0.46
Tensile Strength in the Vertical Direction Min. 1.01 0.70
Max. 2.42 1.70
Median 1.14 1.18
Mean 1.65 1.39
SD * 0.75 0.39
Tear Resistance in the Horizontal Direction Min. 1.02 1.06
Max. 2.74 1.94
Median 143 1.28
Mean 0.65 0.54
SD* 0.01 0.21
Tear Resistance in the Vertical Direction Min. 0.64 0.38
Max. 0.67 0.85
Median 0.65 0.47

SD *, standard deviation.

A correlation analysis was also performed in order to present the interdependencies
between the selected properties of the materials. Correlations between the mechanical
properties and the degree of the mass loss/time of biodegradation were checked (p < 0.05)
and the obtained results are presented in Table 5.

Table 5. The relationships between the metrological parameters and the biodegradability /biodegradation
times of samples in Groups I and II (correlation matrix; correlation coefficient).

Tensile Strength ~ Tensile Strength Tear Resistance Tear Resistance

Group i(?l?iti}:forn Thickness  in the Horizontal in the Vertical in the Horizontal  in the Vertical
Direction Direction Direction Direction
Biodegradability 0.24 ~0.16 0.12 ~0.10 0.19 —0.05
. Weeks of it —0.62 0.54 0.74 0.87 0.94 0.45
Biodegradation

bold: values for which the hypothesis (Hy; value of the coefficient in the correlation is 0) can be rejected.

In order to illustrate the relationships between the examined features, a cluster analysis
was performed for the samples in Group II (Figure 2). The test organised items (features)
into groups, or clusters, on the basis of how closely associated they were.

The determination of the carbon to nitrogen ratio in the test medium was determined
during the biodegradation process. The obtained results showed differences between the
blank sample of soil and the samples of soil during/after the decomposition of samples.
While the C:N ratio for the blank sample of soil was constant throughout the trial (12-14:1),
the ratios were higher for the media in which the samples were buried (19-20:1), especially
during the first weeks of the trial.

The main aim of the ecotoxicity tests was to investigate the influence of the nonwovens,
with and without feathers addition, on the microbiological activity of the tested substrate
(soil). The conducted tests showed no toxic effects on the microorganisms. This testing was
very important due to the essential role of microorganisms in the biodegradation process.
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week of biodegradation

tensile strength in longitudinal direction

tear resistance in vertical direction

tensile strength in vertical direction

tear resistance in longitudinal direction

thickness

feather amount

basis weight

0 50 100 150 200 250
Linkage Distance

Figure 2. The biodegradation times of the samples, with and without the addition of feathers, in
Group IL

4. Discussion

The literature reports that chicken feathers have unique properties. The barb is a
protein fibre that has high flexibility, low density and a good spinning length. The rachis has
low rigidity and low density. These features make chicken feather barbs a good composite
for manufacturing textile products, either on their own or in structural interactions with
other fibres [20].

Natural fibres are divided into three main groups, based on their origin: plant (cellu-
lose) fibres, animal (protein) fibres and mineral fibres. Their compositions (cellulose/protein
content) influence their mechanical properties and the biodegradation process [21-23]. The
main medium for the decomposition of polymer waste is soil, which is characterised by
varied biodiversity [24]. The time required for the biodegradation of bioplastics depends
on the substrate properties [22].

Recently, interest in geotextiles within environmental engineering has been increasing.
Both synthetic and biodegradable materials are used. Separation, drainage, filtration, anti-
erosion protection sealing and improvements in plant vegetation conditions are among
their most important functions. Biopolymers and natural fibres could replace synthetic
materials in up to 50% of applications [22]. This is very promising, especially as synthetic
fibres are usually not subject to biological degradation. It should be highlighted that due
to the growth in consumer and industrial demand for environmentally friendly products,
the use of raw materials that are obtained from natural sources has increased significantly.
The replacement of synthetic materials, such as PP and polyester, with natural biopolymers
(e.g., poly(lactic)acid) is essential because of the amount of waste that is produced due to
consumption. According to the US Environmental Protection Agency, 14.3 million tons
of textiles were discarded in 2012. It should be pointed out that only 15.7% of this waste
was recovered [25]. Recently, geotextiles that are made from synthetic fibres have been
considered more critically. A great emphasis is now placed on the application of natural
fibres, or biofibres, from renewable sources [26]. Chicken feather-based geotextile materials
seem to be a promising solution within agriculture due to the properties of keratin. The
feather fibre can preserve soil, increase moisture content and decrease the compaction of
soil [26,27].

The study described in this paper showed the great potential of nonwovens that are
made with the addition of feathers, especially in that they are biodegradable. The use
of feather waste in the production of nonwovens as agricultural products could be the
perfect solution for the management of hazardous waste while simultaneously enriching
the natural environment. The literature reports [28] that chicken feather fibres can be used

66



Polymers 2022, 14, 2370

as a cheap raw material for nonwoven production. Yet, due to poor length, they need to be
combined with other material during the production process.

The main purpose of the biodegradation tests was to demonstrate the impact of the
material on the environment. Due to the huge problems with the management of post-
consumer waste, the ability to biodegrade is a desirable feature for materials. The process
also provides nutrients that are crucial for the growth of new life.

The literature reports that the rate of biodegradability of various materials depends on
the nature of the polymer and the structure of the fibres [29]. Our obtained results showed
no influence of the presence of feather addition on the biodegradation process in Group
I (correlation coefficient = 0.24). Different results were obtained for Group II (correlation
coefficient = —0.46; p < 0.05). Here, it could be seen that in most cases, the addition of
feathers shortened the degradation time of the nonwoven fabrics. It could be assumed that
the chemical compounds that are present in feathers (mainly keratin) had a positive effect
on the activity of the soil microorganisms, thereby accelerating the biodegradation time of
the whole sample.

It should be highlighted that animal remains that are rich in o-keratin are relatively
quickly biodegraded by keratinolytic microorganisms, which use native keratin as a source
of C, N, S and energy. The mechanisms of degradation are not fully known [27,29-31].
One of the initial theories was presented by Raubitschek [32], but this was discarded
after the discovery of keratinase [33,34]. Other theories pointed to, inter alia, enzymatic
keratin digestion by keratinolytic enzymes and the sulphuric amino acid metabolism of
microorganisms as the basis of decomposition [35-37].

A wide range of bacteria, actinomycetes and filamentous fungi have been characterised
as keratinolytic microorganisms. Special attention should be paid to bacteria belonging to
the genus Bacillus, such as B. subtilis, B. pumilus, B cereus, B. coagulans, B. licheniformis or
B. megatherium [28,35]. The type of microorganism is not the only factor that is essential
for the degradation of materials. Their activity and the properties of the material itself
(ecotoxic effects) are also extremely important. The conducted ecotoxicity tests showed no
negative influence of the decomposition of the materials on microbial activity and allowed
us to establish the ecological characteristics of the tested materials.

Tesfaye et al. [20], on the basis of mechanical properties, assumed that feathers could
be applied in geotextiles and road construction applications, as well as the textile industry,
energy industry (as insulation materials) and packaging industry. Agriculture application
is of special interest because of the water-holding capacity of the feather fibres, which could
improve the moisture content of soil. According to scientific reports, feather composting
is a safe, sanitary and cost-effective technology that could allow us to obtain products
(compost) that could then be used as fertilisers. Their decomposition in soil environments
results in an increase in carbon (C), nitrate nitrogen (N-NO3) and sulphur sulphate (5-504)
concentrations, which are easily absorbed by plants [5,36-38]. Our study was in accordance
with the literature data (C:N ratio).

The mechanical properties of materials influence the times of biodegradation. It could
be concluded that higher values of tensile strength and tear resistance reflected the ability
of microorganisms to resist the decomposition of the nonwoven fabrics. Simultaneously, it
should be pointed out that higher amounts of feather addition shortened the biodegradation
times. The nonwovens are supposed to protect seeds, prevent soil from washing off, limit
the impact of rainfall on soil aggregates and inhibit rainwater runoff. The tensile strength
of the nonwovens could be a deciding factor in its long-term durability and service life.
Hence, good tensile strength is a necessary parameter for them. The base weights of the
nonwovens are also important. A heavier material would press the seeds into the soil,
cover them and improve conditions for seedling germination and development.

The cluster analysis showed that there was a strong linkage between the mechanical
properties. This group of features was associated with the number of weeks of biodegrada-
tion. In turn, this cluster was connected to the feather amount.
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Jin et al. [39] tested nonwoven fabrics (PE/PP) with the addition of duck feather
fibres. Their study revealed the good mechanical properties and sorption capacity of the
bicomponent, indicating its potential application as a material for textile dyeing effluent
treatment. Soekoco et al. [40] applied chicken feather waste to the production of nonwoven
insulator material. The obtained material, which was based on PP, showed higher tensile
strength values than commercial insulator material.

There is little evidence in the literature regarding the biodegradability of nonwovens
with the addition of feather waste. Mrajji et al. [41] investigated the effects of nonwoven
structures on the mechanical, thermal and biodegradability properties of feather-based
nonwoven materials that were reinforced by polyester composites. The obtained results
showed that the introduction of feather waste into the matrix slightly reduced the degrada-
tion process time. This confirmed that the type of polymer and the structure of the fibre
have a great influence on the rate of biodegradation.

Interest in the implementation of feather waste in the production of nonwovens is still
increasing. Casadestus et al. [42] proposed a method for the management of feather waste
in the production of sound-absorbing nonwoven materials. The authors investigated the
environmental impacts of the solution using life cycle analysis (LCA) methodology and the
utility aspect. The obtained results showed that higher amounts of feathers lowered the en-
vironmental impacts while simultaneously satisfying acoustic properties. Vilchez et al. [33]
proposed a simple and straightforward method to produce nonwovens with feather addi-
tions and (nano)cellulose fibres. The fabricated materials had good mechanical properties
and seemed to meet the ecological criteria. The literature [28,42,43] reports that the use of
feathers in nonwoven fabrics could find applications for erosion control purposes, especially
in areas that have been denuded of vegetation and soil stabilisation is desired.

The developed nonwovens that could be used for agricultural applications are char-
acterised by new functionalities, such as biodegradability that can be adjusted ad hoc to
the type and duration of the crop and soil enrichment from the inflow of organic nitrogen.
Nonwovens that only contain ingredients of natural origin are a valuable source of nutrients
for plants. The flow of organic nitrogen into the soil comes from the biodegradation of
the feathers.

5. Conclusions

The tested materials in both groups differed significantly. The positive effects of
feather addition on the time of the biodegradation of the nonwovens in Group II were
shown. Moreover, a correlation between the selected mechanical properties and the time
of biodegradation was noticed. It could be concluded that the addition of feather waste
affects the mechanical properties of the materials. The addition of feathers makes the
product more susceptible to the action of microorganisms, releases C and N into the soil,
shortens the biodegradation time and allows for waste management. The presented results
of biodegradation and ecotoxicity confirmed the legitimacy of implementing this type of
technology on a large scale. The biodegradable nonwovens that were tested and described
in this paper seem to meet all criteria for eco-friendly agricultural products and have great
potential for commercial use

6. Patents
P.430284. (19 June 2019) “Sposéb wytwarzania puszystej widkniny kompozytowej”.
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Abstract: The melt-mixing of polylactide (PLA) with micro- and/or nanofillers is a key method
used to obtain specific end-use characteristics and improvements of properties. So-called “insoluble”
CaSOy (CS) B-anhydrite II (AII) is a mineral filler recently considered for the industry of polymer
composites. First, the study proves that AIl made from natural gypsum by a specifically thermal
treatment is highly stable compared to other CS forms. Then, PLAs of different isomer purity and
molecular weights (for injection molding (IM) and extrusion), have been used to produce “green”
composites filled with 20-40 wt.% AII The composites show good thermal and mechanical properties,
accounting for the excellent filler dispersion and stability. The stiffness of composites increases with
the amount of filler, whereas their tensile strength is found to be dependent on PLA molecular
weights. Interestingly, the impact resistance is improved by adding 20% AlI into all investigated
PLAs. Due to advanced kinetics of crystallization ascribed to the effects of AIl and use of a PLA
grade of high L-lactic acid isomer purity, the composites show after IM an impressive degree of
crystallinity (DC), i.e., as high as 50%, while their Vicat softening temperature is remarkably increased
to 160 °C, which are thermal properties of great interest for applications requiring elevated rigidity

and heat resistance.

Keywords: poly(lactic acid); PLA; biocomposites; mineral filler; calcium sulfate; natural gypsum;
anhydrite II; melt-mixing; thermal and mechanical properties; crystallization; Vicat softening temper-
ature; injection molding and extrusion; technical applications

1. Introduction

The high interest and progress in the production of biosourced polymers such as
polylactide or poly(lactic acid) (PLA), is connected to a large number of factors, including
the increase in requests for more environmentally sustainable products, the development of
new biobased feedstocks and larger consideration of the techniques of recycling, increase
in restrictions for the use of polymers with high “carbon footprint” of petrochemical
origin, particularly in applications such as packaging, automotive, electrical and electronics
industry, and so on [1-8].

Nowadays, when looking for a sustainable society and environmentally friendly
products, the market turns to more “durable” applications, therefore important demands
can be expected for new biomaterials which clearly offer multiple benefits to customers.
Still, for many applications, the carbon footprint of products can be reduced by replacing
“fossil carbon” with “renewable carbon” [9].
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PLA, a biodegradable polyester produced from renewable resources, is one of the key
bioplastics with the largest market significance due to its properties (high tensile strength
and rigidity, good flexural strength, optical transparency) [2]. Due to its very interesting
properties, PLA is currently receiving considerable attention for traditional applications
such as packaging [10], as well as the production of textile fibers [11,12], and it also finds
higher added value for durable/technical [9,13] and biomedical applications [14].

Regarding the use of PLA in durable applications, unfortunately, its application is
somewhat limited because this biopolyester suffers from some shortcomings, e.g., poor
thermal resistance, low heat distortion temperature and rate of crystallization, as well
as rather high sensitivity to hydrolysis, whereas specific end-use properties are required.
Therefore, at this time, an impressive number of studies concerning the production of
novel PLA (nano)composites characterized by improved characteristics, such as better
processability, enhanced mechanical properties and thermal resistance, flame retardancy,
tailored electrical properties, longer durability to allow PLA utilization in applications
requiring higher added value, have been undertaken. To reach the end-user demands,
the properties of PLA can be tuned up by combining the polyester matrix with different
dispersed phases: micro- and nano-fillers, reinforcing fibers, impact modifiers, plasticizers,
other polymers, and various types of additives. Following different objectives, PLA has
already been melt-mixed with CaCOj [8,15], talc [16,17], kaolin [18], BaSO4 [19], and other
mineral fillers, typically used in the industry of polymer composites.

It is worth mentioning that composites of PLA with CaSO, (CS), as anhydrite or
hydrated forms, have been primarily used in the field of biomedical applications for bone
reparation and production of implant materials [20-23]. CS is considered as an uncom-
mon biocompatible material which is completely resorbed following its implantation [21].
Nevertheless, few studies were devoted to the utilization of synthetic CS whiskers to rein-
force polyvinyl chloride (PVC) [24,25], polypropylene (PP) [26,27], and polycaprolactone
(PCL) [28]. Furthermore, in response to the demands for enlarging PLA applications while
reducing its production cost, it has been previously disclosed by us and our collaborators
that PLA can be effectively melt-blended with adequately thermally treated synthetic
gypsum [29-32], a by-product directly issued from the lactic acid (LA) production pro-
cess [33-35]. PLA can be successfully melt-blended with previously calcinated gypsum at
500 °C, so called -anhydrite II (AlI), which is less sensitive to moisture [2,32]. From the
perspective of “green chemistry”, as well as economics, CS was considered a logical filler
choice for PLA cost reduction due to its availability as a waste stream from LA produc-
tion [36]. Moreover, as for other mineral-filled polymers, the addition of a third component
into PLA-AII compositions, i.e., plasticizers [30], impact modifiers [32,37], clays [38], flame
retardants (FRs) [2], other additives, has been considered to obtain composites with specific
end-use properties. For more information on this topic, we suggest a short insight on the
case study presented in a review published by us concerning the production and properties
PLA composites [2].

Nevertheless, nowadays, the producers of natural gypsum are currently looking for
new markets by proposing CS derivatives, such as All, for new applications of higher
added value, e.g., in the industry of polymer composites, paints, coatings, etc. Regarding
so-called “insoluble” anhydrite (CS AlI), somewhat regrettably, this filler is less known
by potential users. Therefore, the information regarding the utilization of stable CS (AIl)
for reinforcing polymers is very limited compared to other mineral fillers (talc, CaCOj,
kaolin, etc.), whereas the nature of CS derivatives or the necessity of thermally treatments
at high temperature to produce stable fillers was much less studied [27,39]. There is also
a misunderstanding connected to the quick absorption of water or high sensitivity to
moisture, which is specific to CS hemihydrate (CaSO4 0.5H;0) and to “soluble” anhydrite
(i.e., AIIT). Consequently, this confusion is detrimental for the utilization of stable forms of
CS (i.e., All) in melt-blending applications with polymers requiring fillers characterized by
high thermal stability and low absorption of water/moisture. Accordingly, it is necessary
to find additional methods to prove the stability and added value of All as filler. To the best
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of our knowledge, the potential of this filler has not been identified sufficiently, therefore,
further prospects are required to reveal its beneficial effects for different purposes.

On the other hand, the earlier studies realized by us and our collaborators [2] were
mostly limited to a specific PLA from the first generation (i.e., an amorphous PLA matrix,
not available commercially today) and to the use of synthetic gypsum by-product as ob-
tained directly from the LA process. Today, various PLA grades are available, characterized
by different molecular weights, L-lactic acid isomer purity, as well as the presence of special
additives, paving the way for new possibilities in applications [2,3]. In addition, it is known
that the choice of PLA matrix is of high importance when following different techniques in
processing (injection molding (IM), extrusion, 3D printing, etc.), aspects less considered
in the previous studies. Still, as already mentioned, PLA is often in an amorphous state
after any processing step, such as extrusion or IM, showing limited or poor heat resistance
(low heat distortion temperature (HDT)). In fact, this is a kind of “Achilles” heel’, limiting
PLA use in engineering/technical applications [40]. This parameter (i.e., the degree of
crystallinity (DC)) is particularly essential to control the PLA degradation rate, thermal
resistance, as well as mechanical, optical, and barrier properties. The adequate choice of
PLA matrix, and the combination with a filler that can increase the crystallization rate
of PLA, could open the way to better performing composites designed for engineering
applications requiring resistance at high temperature.

Based on the prior art, the main goal of this study is to present recent experimental
results and advances regarding the properties of mineral-filled biocomposites produced
with CS AIl made from natural gypsum and using PLA matrices of different molecular
weights and isomer purity, mainly intended for processing by IM or extrusion. This will
allow determining that the adequate choice of the PLA matrix is of key importance from
the perspective of the application. Moreover, because CS All is less known as a performant
filler, one additional goal is to increase the interest in its utilization by experimentally
proving its stability under harder testing conditions, such as following mixing in water as
slurry. Regarding the PLA-AII composites, the study is focused on the characterization of
their morphology and evidence for enhancement and tuning of thermal and mechanical
properties connected to the nature of PLA and amounts of filler. However, it reveals
some unexpected performances for special compositions, i.e., a remarkable increase in
both DC and Vicat softening temperature (VST). Due to their properties, these “green”
composites are of potential interest for utilization in the biomedical sector (e.g., via 3D
printing) as biodegradable/rigid packaging and in technical applications requiring rigidity,
heat resistance, and dimensional stability.

2. Materials and Methods
2.1. Materials

Three distinct PLA grades were investigated in the frame of the experimental program
to consider different applications of and techniques for processing:

1.  PLA 4032D (supplier: NatureWorks LLC, Blair, NE, USA), is a PLA of high molecular
weight and melt viscosity designed for the extrusion of films and the realization
of PLA blends. It is characterized by low D-isomer content (1.4%) and a melting
temperature (Tr,) in the range of 155 to 170 °C and is abbreviated as PLA1.

2. PLA2: PLA 3051D is an IM grade for realization of products requiring low HDT
(supplier NatureWorks LLC) characterized by higher D-isomer content (i.e., 4.3%) and
a Ty, in the range of 150 to 165 °C, according to the technical sheet of the supplier.

3. PLA3: PLA Luminy L105 (supplied by Total Corbion PLA (actually, TotalEnergies
Corbion), Gorinchem, The Netherlands) is characterized by high L-isomer purity
(L-isomer >99%, and implicit by very low content of D-isomer, <1%) and Tr, of ca.
175 °C. PLAS3 is a high flow PLA for spinning and IM, allowing the production of
items with thin walls.

Table 1 shows the rheological information (i.e., melt flow rate (MFR) values) and
the results of molecular characterizations by gel permeation chromatography (GPC), also
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referred to as size-exclusion chromatography (SEC) obtained using Agilent 1200 Series GPC-
SEC System (Agilent Technologies, Santa Clara, CA, USA) and chloroform (at 30 °C) as the
solvent (M being the weight-average molar mass expressed in polystyrene equivalent,
the dispersity being the M, /M, ratio between the weight- and number-average molar
masses).

Table 1. Characteristics of PLAs used as the polymer matrix.

%

Nfaﬁﬁx Mw (Dlzg;élrvs[;ty) D-Isomer, % glylltl): Ir{m;
PLA1 209,000 2.0 1.4 7
PLA2 182,000 2.0 43 10-25
PLA3 133,000 1.9 <1.0 70

* Values indicated by supplier: Melt Flow Rate (MFR) measurements at 210 °C, 2.16 kg.

CaSOy B-anhydrite II (CS All) delivered as “ToroWhite” filler was kindly supplied by
Toro Gips S.L. (Spain). According to the information provided by supplier, these products
are obtained from selected food and pharma grades of high purity natural gypsum. They are
characterized by high whiteness/lightness (L*), AIl being an alternative of choice as a white
pigment (TiO;) extender. Color measurements performed in the CIELab mode (illuminate
D65, 10°) with a SpectroDens Premium (TECHKON GmbH, Konigstein, Germany) have
evidenced the high lightness of All, i.e., L* of 95.8. Samples of CS dihydrate were also
obtained from the same supplier for specific comparative tests (vide infra).

Figure 1a,b show selected SEM pictures to illustrate the morphology of All filler
used in this study for melt-blending with PLAs. The granulometry of All sample was
characterized by Dynamic Light Scattering (DLS) using a Mastersizer 3000 laser particle
size analyzer (Malvern Panalytical Ltd., Malvern, UK), the microparticles having a Dy5( of
5.4 um and a Dygg of 14.9 um.

-

"'.l
50.0um SU8020 5.0kV 14.7mm x6.00k SE(L)

(b)

Figure 1. (a,b) SEM micrographs (SE mode) at different magnifications of CS AIl microparticles.

2.2. Specific Methods and Analyses to Demonstrate the Stability of All as Filler

To evidence the distinct characteristics of All, CS dihydrate was thermally treated dur-
ing 2 h at different temperatures (140 °C, 200 °C, and 500 °C) in a Nabertherm B400 furnace
(Nabertherm GmbH, Lilienthal, Germany) to obtain different forms of CS, respectively,
CS hemihydrate, CS (3-anhydrite III (AIIl), and CS B-anhydrite AlI (Figure 2). Then, the
so-produced samples were characterized using TGA and XRD techniques. Furthermore,
to test the stability of All even after immersion in water, AIl powders were mixed as a
slurry (20%) in demineralized water for 24 h. The solid fraction (AIl) was separated by
sedimentation and centrifugation, maintained 24 h under a fume hood at room temperature
(RT), and then dried under vacuum at low temperature (50 °C) for 2 h to remove the
residual moisture.
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Figure 2. Experimental attempts to evidence the stability of CS -All by comparison to CS f3-
hemihydrate and CS 3-AIIl

On the other hand, for sake of comparison, similar experiments were performed
with CS (hemihydrate) and Alll, but these fillers were found to be extremely sensitive to
water [41], leading to the formation of solid “blocky” structures of CS dihydrate (Figure 2).

2.3. Preparation of PLA-AII Composites

All materials were carefully dried at 70 °C overnight to limit PLA degradation during
processing at high temperature due to the presence of moisture. Starting from dry-mixed
PLAs and CS (AIl) blends, PLA composites were obtained by melt-compounding each
of the three polyester matrices with 20% and 40 wt.% AII at 200 °C, using a Brabender
bench scale kneader (Brabender GmbH &. Co. KG, Duisburg, Germany) equipped with
“came” blades (conditions of processing: feeding at 30 rpm for 3 min, followed by 7 min
melt-mixing at 100 rpm). The evolution of mechanical torque during the melt-mixing
of PLAs and PLA —AII composites was followed and considered as primary rheological
information (Figure 3).
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Figure 3. Comparative evolution of torque during melt-mixing of PLAs and PLA-AII composites
using Brabender internal mixers.

In the subsequent step, the materials recovered after the melt-compounding process
(after cooling in nitrogen liquid) were ground with a Pulverisette 19 (Fritsch GMBH,
Idar-Oberstein, Germany), whereas the specimens for mechanical characterizations were
obtained by IM, using a DSM micro injection molding (IM) machine (now Xplore, Sittard,
The Netherlands), using the following processing conditions: temperature of IM = 200 °C,
mold temperature = 70 °C. For the sake of comparison, neat PLAs were processed using
similar conditions as with the mineral filled composites. Throughout this contribution, all
percentages are given as weight percent (wt.%).

2.4. Methods of Characterization

(a) Thermogravimetric analyses (TGA) were performed using a TGA Q50 (TA In-
struments, New Castle, DE, USA) by heating the samples under nitrogen or air from
room temperature (RT) up to a max. 800 °C (platinum pans, heating ramp of 20 °C/min,
60 cm3/min gas flow rate).

(b) Differential Scanning Calorimetry (DSC) measurements were accomplished by
using a DSC Q200 from TA Instruments (New Castle, DE, USA) under nitrogen flow.
In the case of PLAs and PLA composites, the procedure was as follows: first heating
scan at 10 °C/min from 0 °C up to 200 °C, isotherm at these temperature for 2 min, then
cooling by 10 °C/min to —20 °C, and finally, a second heating scan from —20 to 200 °C
at 10 °C/min. The first scan was used to erase the prior thermal history of the polymer
samples. The events of interest linked to the crystallization of PLA during DSC cooling
scan, i.e., the crystallization temperatures (T.) and the enthalpies of crystallization (AH.),
were quantified using TA Instruments Universal Analysis 2000 software (Version 3.9A (TA
Instruments—Waters LLC, New Castle, DE, USA)). Noteworthy, all data were normalized
to the amounts of PLA from the samples. The thermal parameters were also evaluated
in the second DSC heating scan and abbreviated as follows: glass transition temperature
(Tg), cold crystallization temperature (Tc), enthalpy of cold crystallization (AHcc), melting
peak temperature (Tp,), melting enthalpy (AHp,), and final DC (x). The DC (degree of
crystallinity) was determined using the following general equation:

(AH,, — AH,)
AHY, X Wp4

X = x 100 ((70)
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where AHp, and AH,. are the enthalpies of melting and of cold-crystallization, respectively,
W is the weight fraction of PLA in composites, and AHY, is the melting enthalpy of 100%
crystalline PLA considered 93 J/g [42]. Notable, the DC was calculated by subtracting the
enthalpy of cold crystallization (AHc.) and of pre-melt crystallization (if it was evidenced
on DSC curves), from the enthalpy of melting (AHy,).

To have information about the DC of specimens produced by IM, the properties of
PLA and PLA-AII composites of interest were evaluated following the first DSC scan. The
DSC technique was also used to evidence the transformation of gypsum by heating to
400 °C (the limit of instrument).

(c) Mechanical testing: Tensile tests were performed with a Lloyd LR 10K bench ma-
chine (Lloyd Instruments Ltd., Bognor Regis, West Sussex, UK) according to the ASTM
D638-02a norm on specimens-type V at a crosshead speed of 1 mm/min. For the characteri-
zation of Izod impact resistance, a Ray-Ran 2500 pendulum impact tester and a Ray-Ran
1900 notching apparatus (Ray-Ran Test Equipment Ltd., Warwickshire, UK) were used
according to ASTM D256 norm (method A, 3.46 m/s impact speed, 0.668 kg hammer). For
both tensile and impact tests, the specimens produced by IM were previously conditioned
for at least 48 h at 23 £ 2 °C under relative humidity of 50 £ 5%, and the values were
averaged over minimum five measurements.

(d) DMA (Dynamic Mechanical Analysis) were performed on rectangular specimens
(60 x 12 x 2 mm?) obtained by IM (DSM micro-IM machine) using a DMA 2980 apparatus
(TA Instruments, New Castle, DE, USA) in dual cantilever bending mode. The dynamic
storage and loss moduli (E’ and E”, respectively) were determined at a constant frequency
of 1 Hz and amplitude of 20 um as a function of temperature from —20 °C to 140 °C, ata
heating rate of 3 °C/min.

(e) Vicat softening temperature (VST) measurements were performed according
to ASTM D1525, using HDT/Vicat 3-300 Allround Al (ZwickRoell Gmbh & Co, Ulm,
Germany) equipment. The samples with thickness of 3.2 mm were rectangular shaped
(12 x 10 mm?). All samples were evaluated under a load of 1000 ¢ and at a heating rate of
120 °C/h using minimum 3 specimens.

(f) Scanning Electron Microscopy (SEM) analyses on the PLA samples, previously
cryofractured at a liquid nitrogen temperature, were performed using a Philips XL scan-
ning electronic microscope (Eindhoven, Netherlands) at various accelerated voltages and
magnitudes. For better information and easy interpretation, the SEM was equipped for
both secondary (SE) and back scattered electrons (BSE) imaging. Reported micropho-
tographs represent typical morphologies as observed at, at least, three distinct locations.
SEM analyses of AIl microparticles were performed at different magnifications in the SE
mode (5 kV accelerated voltage). SEM analyses were also performed on the surfaces of
selected specimens fractured by tensile or impact testing.

(g) X-ray diffraction (XRD) characterization: The morphological analysis of CS pow-
ders by X-ray diffraction was performed on a Siemens D5000 diffractometer (Siemens AG,
Munich, Germany) using Cu K« radiation (wavelength, 1.5406 A) at RT, for 20 from 10° to
90° (scanning step 0.026).

3. Results and Discussion
3.1. New Evidence of CS All Stability as Filler for the Industry of Polymer Composites

Itis a noteworthy reminder that CS is available in several forms: dihydrate—CaSOy4-2H,0
(commonly known as gypsum), hemihydrate—CaSO, 0.5H,0 (Plaster of Paris, stucco,
or bassanite), and different types of anhydrite [43-45]. The dehydration of gypsum (CS
dihydrate) above 100 °C at low pressure (vacuum) or under air at atmospheric pressure,
favors 3-CS hemihydrate formation. An increase in the temperature to about 200 °C allows
producing so called -anhydrite III (3-Alll)—which is not stable, whereas calcination
at temperatures higher than 350 °C (e.g., at 500-800 °C in an industrial process) allows
obtaining stable 3-anhydrite II (abbreviated as AII). The CS phases obtained by progres-
sive dehydration and calcination of gypsum at higher temperatures are in the following
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order [43]: dihydrate — hemihydrate — anhydrite IIl — anhydrite Il — anhydrite I (at tem-
peratures higher than 1180 °C). DSC is a powerful tool of analysis that can be considered to
evidence the thermal transformations of CS dihydrate during heating (Figure 4). Accord-
ingly, in the first step, the gypsum was transformed at about 140 °C in 3-CS hemihydrate.
When the hemihydrate was heated at higher temperature it was converted into “soluble”
anhydrite—AIII (endothermal process, a shoulder was observed at about 160 °C on DSC
curve), and above 350 °C, “insoluble” anhydrite (3-All) was generated, as evidenced by
the exothermal transformation on DSC curves.

EXO UP
CaS04 x 2H20 IBE0°C
(gypsum) )
N~
> CaS04 (Alll) CaS04 (All)
= "soluble anhydrite" "insoluble anhydrite/'
; 1
k] Wig
o
©
o
I
1569.8°C
CasS04 x 0.5H20
136.9°C
0 50 100 150 200 250 300 350 400
Exo Up Temperamre (°C) Universal V3.9A TA Ins

Figure 4. Thermal transformations of CS dihydrate as revealed by DSC heating to 400 °C (DSC
method, 10 °C/min).

To allow the use of CS in the production of polymer composites (e.g., based on
polyesters, such as PLA), we restate that it is of prime importance to dry (dehydrate) the
CS dihydrate or hemihydrate prior melt-compounding, or the use of stable anhydrite
forms is required, keeping in mind the importance of minimizing free moisture. Indeed,
PLA is stable in the molten state provided that it is adequately stabilized and dried to
have a maximum acceptable water content of 250 ppm, or even below 50 ppm, in the case
of processing at high temperature [3]. Moreover, following a comparative study, it has
been reported elsewhere that synthetic 3-All (made from gypsum from the LA production
process), is much better suited for melt-blending with PLA than (3-Alll, which is by far
too sensitive to atmospheric water absorption [29]. Indeed, AIIl has a dramatically quick
uptake of water, which was evidenced at the start of the thermogravimetric analyses, thus
its rapid transformation to CS hydrated forms can be assumed. Moreover, in the case
of Alll analyzed by XRD, it was reported that the high humidity triggered an instant
transformation into CS hemihydrate (bassanite) [46]. Accordingly, due to its instability, AIII
is not recommended for melt-blending with polymers with high sensitivity to degradation
by hydrolysis during processing at high temperature.

Figure 5a shows the comparison of thermogravimetric analyses (TG) of CS derivatives
produced from natural gypsum by thermal treatments at different temperatures. AIl
showed a particularly good thermal stability in all ranges of temperature (with a weight
loss lower than 1% by heating to 600 °C). On the contrary, CS dihydrate and CS hemihydrate
record a weight loss of 20-21% and 6-7%, respectively, in the dehydration process step
(below 200 °C).
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Figure 5. (a,b) Comparative TG and D-TG traces (20 °C/min, under Nj). (a) CS hydrated forms
(dihydrate and hemihydrate) and AII; (b) samples recovered after the slurry tests: CS (AIl) after 24 h
mixing in water as slurry; CS (AIII) converted to gypsum; CS hemihydrate converted to gypsum; CS
dihydrate (reference).

The comparative TGAs of the recovered products after the slurry tests (Figure 5b)
evidence only some low content of superficial water /moisture in the sample labelled “All”,
without fully excluding the presence of some traces of sub-hydrates. On the other hand,
the total rehydration with the formation of gypsum in the case of CS hemihydrate and of
Alll, was confirmed by the high amount of water lost during heating (21-22%).

Interestingly, the XRD technique is also largely used to evidence the differences
between the various CS derivatives [46]. Figure 6 shows the comparative XRD patterns
of products obtained following the transformation of gypsum at different calcination
temperatures (see experimental section) to obtain (3-CS hemihydrate and (3-AIl. AIIl was
not included here due to its sensitivity to moisture and its quick transformation into
hydrated forms. For CS dihydrate (gypsum), five major diffraction peaks, i.e., (020), (021),
(130), (041), and (—221), have been reported elsewhere [47]. Positions (20) of these peaks
were confirmed in the present study, respectively, at 11.6°, 20.7°, 23.4°, 29.1°, and 31.1°,
whereas additional XRD peaks were observed at higher 20 angle.

—a. CS dihydrate (gypsum)
z: —b. CS hemihydrate
:'; —c. CS All (ins. anhydrite)
‘®
g A AMA A AN,
-
£
| ®
L u .
10 15 20 25 30 35 40 45 50 55 60
2- Theta (°)

Figure 6. XRD patterns of CS AlIl and of CS hydrated forms.
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The diffractogram of 3-CS hemihydrate featured specific peaks at 20 ~ 14.7, 25.6,
29.7, and 31.9° [48]. The presence of a supplementary peak at 26 ~ 11.6 (seen also for
CS dihydrate) is reasonably ascribed to the inherent absorption of moisture, leading to
traces of other CS hydrated forms. After the dehydration and thermal treatments (i.e., at
500 °C) of gypsum (monoclinic crystal system), the crystalline structure of the obtained CS
-anhydrite II (AIl) was different, i.e., orthorhombic [49]. It was characterized by only one
intense peak at 20 ~ 25.4° and a number of smaller ones at higher scattering angles [31].

On the other hand, Figure 7 shows the results of XRD analyses of selected samples
recovered after the slurry tests. Accordingly, the following was found: when mixing in
water only All was stable, keeping its original crystalline structure as evidenced by the same
XRD peaks, while the other CS forms (such as AIIl and CS hemihydrate) were rehydrated
to gypsum (CS dihydrate).

—a. CS dihydrate (reference)

—b. CS Alll (converted in gypsum)
—c. CS All (after 24h mixing as slurry)
—d. CS All (reference)

A AN A A__A_ld)
I N W NN SN

[y

Intensity (a.u.)

0 40
2-Theta (°)

Figure 7. XRD patterns to evidence the stability of AIl following the slurry tests.

These new results respond to the current questions asked by potential users requiring
evidence of All stability following contact with moisture/water. All exhibited the closest
packing of ions, which makes it highly dense and strong, whereas the absence of empty
channels means it reacts slowly with water [43].

By considering its overall properties (high thermal stability, whiteness, low hardness
(Mohs), very low solubility/rate of rehydration, others), All can be considered a promising
natural filler for the industry of polymer composites.

3.2. Characterization of PLA—AII Composites

First, it is important to point out that the results discussed hereinafter concern the use
of AIl without any surface treatments, whereas the PLAs used as polymer matrices are
characterized by different molecular weights (Mwpr.a1 > MwprLa2 > Mwpra3) and rheology,
to allow adapted melt processing techniques (e.g., extrusion or IM). Furthermore, for PLA2
and PLA3 (PLA grades of high fluidity designed for IM), the attention will be focused on
the differences linked to the purity in L-lactic acid enantiomer.

By considering the evolution of torque values during melt mixing process as primary
rheological information, in all cases the addition of filler (AIl) into PLA led to the increase
in mechanical torque/melt viscosity. Furthermore, the torque was clearly determined by
the molecular weights of PLAs (see Figure 3, experimental part) and the following order
was seen by melt-mixing at the temperature of 200 °C: PLA1-40% AII > PLA1 > PLA2-40%
All > PLA2 > PLA3-40% AIl > PLA3.
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3.2.1. Morphology of PLA-AII Composites

After the grinding process, the microparticles of All used for this study had a volume
median diameter of ~5 um (analysis of granulometry by DLS). The particulate filler was
characterized by a low aspect ratio, whereas a shared morphology, i.e., particles with
irregular shape and fibrillar/flaky aspect due to the cleavage of CS layers, was evidenced
by SEM (Figure 1, section Materials).

Regarding the morphology of composites, for better evidence of filler distribution
through PLA matrix, SEM imaging was performed using back scattered electrons (BSE)
to obtain a higher phase contrast. Figure 8a—h shows representative SEM-BSE images of
cryofractured surfaces of PLA—AII composites with 20-40% filler.
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Figure 8. (a-h) SEM-BSE pictures at low and high magnification of cryofractured surfaces of
PLA—AII composites having different PLA matrices: (a,b) PLA1-20% AII; (c,d) PLA1—-40% AII;
(e,f) PLA2—40% AII; (g,h) PLA3—40% AIL
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Well-distributed / dispersed particles, with various geometries and quite broad size
distribution were evidenced at the surface of cryofractured specimens. A cryofracture
characterizing moderate, but effective adhesion between filler (All) and PLA, can be
assumed by considering the overall SEM images, but also considering the mechanical
performances of composites. It is worth a reminder that such quality of dispersion was
obtained without any previous surface treatment of filler. However, better individual
particles dispersion was easily obtained at lower filler content (20% AlI) (Figure 8a,b),
whereas at high filling (40 wt.%), the presence of some aggregates/some zones with poorer
dispersion was not totally excluded. Furthermore, it is difficult to conclude that following
the melt-compounding with internal mixers led to important differences regarding the
morphology of composites (i.e., in relation to the type of PLA matrix and the rheology
of blends, which is essentially determined at similar amounts of filler by the molecular
weights of PLA).

3.2.2. Thermogravimetric Analysis (TGA)

The results of thermal characterizations by TGA (Table 2) allow concluding that the
addition of All into different PLAs primarily leads to composites characterized by similar
or better thermal properties than those of neat polymers processed under similar conditions.
Interestingly, following the comparison of processed PLAs, PLA1 showed better thermal
characteristics than PLA2 and PLA3. This difference was also seen in the case of composites,
and it is reasonably ascribed to the higher molecular weights of PLA1. An increase in the
onset of thermal degradation (Tse,, temperature corresponding to 5% weight loss) and
of maximum decomposition temperature (T4, from max. D-TG) was found as a general
tendency by filling PLAs with up to 40% AIIl. However, more spectacular changes were
observed when PLA2 or PLA3 was used as the polymer matrix. Furthermore, from the D-
TG curves, it is observed that the rate of thermal degradation (wt.%/°C) at the temperature
corresponding to the max. rate of degradation was much reduced/delayed in the case
of composites, in quite good correlation with the amounts of filler. The enhancement of
thermal stability by filling PLA with All is a key-property in the perspective of processing
and further application of such materials. For additional insight, the comparative TG
and D-TG curves of neat PLAs and PLA—(20-40)% AII composites are shown in the
Supplementary Material Figure Sla—c.

Table 2. Thermal parameters of PLAs and PLA-AII composites as determined by TGA.

Onset of Thermal Temp. at Max. Rate of Max. Degradation Rate,
Sample Degradation (Ts9,), Degradation, °C wt.%/°C
°C (From D-TG) (From D-TG)
PLA1 341 376 2.7
PLA1-20% All 345 382 22
PLA1-40% AIl 342 378 1.7
PLA2 317 362 2.1
PLA2-20% AIl 320 372 22
PLA2—-40% AIl 330 377 1.7
PLA3 320 369 2.5
PLA3—-20% AII 330 370 21
PLA3—40% AIl 335 378 15

3.2.3. Differential Scanning Calorimetry (DSC)

It is generally recognized that the PLAs of higher L-isomer purity (less than 1%
D-isomer) are characterized by higher kinetics of crystallization, properties that can be
improved in the presence of nucleating agents, to allow the utilization in applications
requiring high HDT [50]. In contrast, PLA resins of higher D-isomer content (4-8%) are
more suitable for thermoformed, extruded, and blow molded products, since they are
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more easily processed when the crystallinity is lower [3]. First, from the DSC analyses
(Table 3 and Figure 9a,b) it was observed that the addition of AIl had beneficial effects
on the crystallization of PLA, distinctly evidenced for PLA1 and especially for PLA3 as a
polymer matrix.

Table 3. Comparative DSC results of neat PLAs and PLA-AII composites obtained using different
PLA grades as polymer matrix (second DSC heating scan, by 10 °C/min).

Sample Tg Tec AH, Tm * AHp x*

(%, by Weight) O (@) Jgg™ Q) gg™M %
PLA1 63 116 354 166; 170 37.1 1.8
PLA1—-20% AIlL 62 109 26.2 170 37.8 12.5
PLA1—40% AIlL 61 106 27.4 169 454 194
PLA2 61 135 1.6 154 2.3 0.8
PLA2—-20% AllL 61 133 5.7 153 6.5 0.9
PLA2—40% AIlL 62 133 3.5 153 53 1.9
PLA3 61 100 (161) 28.9 (5.2) 177 62.7 30.8
PLA3—20% AllL ND ** - - 176 55.7 59.9
PLA3—40% AIlL ND - - 176 55.3 59.5

* x-DC as calculated by subtracting AHc. from AHp, and by considering an enthalpy of 93 J/g for 100% crystalline
PLA; ND: ** not detectable on DSC curve.

e g =y P—PLAT (0% All) o— o A
il 8888888 88 8 ¢ ——eo —o ———_ o
H »
—t— —— B——8 20% All —g—
l,—+—+ gt T 1Tc — o —B~_ %_ﬂ_
— o All ——4—
A ® PLAT _ T e
3 0 PLA1- 20% All 5 T
< + PLA1-40% All &
> 0 PLA3 >
O B PLA3- 20% All o p— PLA3 (0% All) o __ Tm
b * PLA3- 40% All 96.5°C o oo —o—o— o |
© @ —20% Alle— @
o o —0—+0- o - . .
T lo—e—0— o— " T [ 40% All ——-
. s ® PLA1
la—= " O PLA1- 20% All
+ PLA1-40% All DSC second heating scan
— O PLA3
DSC cooling scan, 10°C/min B PLA3- 20% All
= PLA3- 40% All
0 20 40 60 8 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
Exo Up Temperature (°C) Universal V3.9A TA Inst: Exo Up Temperature (°C) Universal V3.9A TA In:
(a) (b)

Figure 9. (a,b). Comparative DSC curves of neat PLAs (PLA1 and PLA3) and those of PLA1—AII
and PLA3—AII composites obtained during (a) cooling and (b) second DSC heating (10 °C/min).

Moreover, the DSC curves obtained during cooling and second heating scans clearly
revealed that the association of AIl with PLA3 of high L-isomer purity (>99%) charac-
terized by medium molecular weights (macromolecular chains with increased mobility
during cooling process), yielded to composites characterized by surprising kinetics of
crystallization and a high DC. In fact, the DC remarkably increased from 31% (neat-PLA3
processed) to about 60% in composites (PLA3—(20-40)% AII). Moreover, the effect of the
filler was also significant using PLA1 as the matrix (PLA of higher molecular weights,
D-isomer = 1.4%), the composites being characterized by better /moderate crystallization
ability, determined by the level of filler: the DC of PLA1 (1.8%) increased in composites up
to about 20%.

Still, using PLA2 with higher D-enantiomer content (4.3%), there were no important
changes in crystallinity (Table 3 and Figure S2 from the Supplementary Material). The
DC of neat PLA2 and of composites remained very low (DC < 2%) and only were slightly
affected by the amount of filler. Regarding the cold crystallization process recorded in
the second DSC scan, PLA2 had a lower crystallization ability (T. determined at high
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temperatures, i.e., 133-135 °C), whereas for PLA1 samples, T.. decreased with the amount
of filler, from 116 °C to 106 °C. However, by comparing the neat PLAs and their respective
composites, for most of the samples, there was no significant modification of glass transition
and melting temperatures (Tg and Tp).

In relation to the results of DSC characterizations, it was once more proved that the
highest kinetics of crystallization/DC are obtained by reducing the molecular weights of
PLA and using PLA of higher L-enantiomer purity [51], i.e., for PLA3. Still, the addition
of All into PLA3 leads to composites of interest for technical applications (by considering
the overall performances of composites), because they show a superior DC, properties
reasonably ascribed to the nucleating effects of filler and inherent characteristics of the
polymer matrix.

3.2.4. Mechanical Characterizations

The specimens for mechanical testing (Figure 10) were produced by IM (see experi-
mental section). The strength of particulate-filled polymer composites depends, to a great
extent, on the properties of the matrix, the interfacial adhesion between the matrix and dis-
persed phase, the filler shape, size, and amount [52]. Noteworthy, comprehensive studies
regarding the interfacial adhesion between the PLA and microfiller (All) have been realized
using different techniques by the research group of Pukdnszky B. and collab. [53].

PLA3-20% All PLA3-40% All

Figure 10. Selected pictures to illustrate the aspect of specimens of PLA and PLA—AII composites
produced by IM.

Figure 11a—c summarizes the results of mechanical characterizations of neat PLAs and
their respective composites filled with 20-40% AII. For composites, the tensile strength
gradually decreased with the loading of filler, e.g., adding 20% AlII, from 60-66 MPa
(neat PLAs) to 50-56 MPa for composites, values which are of real interest for engineer-
ing applications. In contrast, Young’s modulus (Figure 11b) was significantly enhanced
(from ~ 2000 MPa, neat PLAs) to a value of about 3000 MPa by filling with 40% AII, with-
out any significant influence linked to the nature of PLAs. Moreover, when we compared
the values of tensile strength (o) of neat PLAs and PLA-AII composites, it was observed
that they followed the same order (oppa1 > OpLa2 > OpLa3) as that of molecular weights
(MwpLA1 > MyprLa2 > MypLas). Accordingly, at high filling (40% All), it is worth noting
the tensile strength of composites obtained using PLA1 and PLA2 as matrix (51 MPa and
47 MPa, respectively). As expected, all PLAs had low nominal strain at break (about 5%),
values that decreased to 2-3% for composites.
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Figure 11. (a—c). Comparative mechanical characterizations of PLAs with different amounts of filler:
(a) Maximum tensile strength; (b) Young’s modulus; (c) Izod impact resistance (notched specimens).

Regarding the impact resistance, it has been reported in the literature that in some
cases, well dispersed particulate fillers, at optimal loadings or having specific surface
treatment, can contribute to the increase in impact properties [54,55]. Interestingly, the Izod
impact resistance of composites (Figure 11c) was slightly improved by incorporating 20%
All in each of the three studied PLAs, whereas a further increase in filler content to 40%
led to an important reduction in this parameter. In the case of PLA—20% AII composites,
it is once more proved that well distributed/dispersed rigid/particulate microparticles
can contribute to the dissipation of impact energy by reducing the crack propagation
by different mechanisms (e.g., by crack-bridging [56] or crack pinning, which require
certain adhesion between polymer and filler; whereas the debonding at matrix—particle
interface is also for consideration as mechanism [48]). However, additional SEM images
performed on fractured samples by tensile or impact testing (Supplementary Material,
Figures S3 and S4) suggested that at the interface zone (PLA matrix—filler) were seen both
regions, accounting for the good /moderate adhesion due to the maintaining of intimate
physical contact between constituents after the mechanical solicitation (which explains
the noticeable tensile properties), and zones of debonding or shear yielding, traditionally
ascribed to a toughening mechanism with rigid particles, with contribution in reducing the
cracking and in dissipating the energy of impact solicitation [37,54,55].

On the other hand, at higher filling (i.e., 40 wt.%), due to the inherent presence of more
heterogeneous (mechanically weak) regions, e.g., aggregates of microparticles, they may
act as stress concentrators, causing a decrease in tensile and impact resistance. Therefore,
for applications in which the impact strength is a key-concern, these composites need to
be modified to fulfil the industry requirements [2]. Modification of filler (AIl) by special
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surface treatments or/and the addition of a third component into PLA-AII composites, i.e.,
a plasticizer [55], an impact modifier [37,57], etc., can represent alternatives of choice for
better impact resistance performances.

3.2.5. Dynamic Mechanical Analysis (DMA)

DMA has been used to provide information about the performances of PLA-AII
composites in a broad temperature range (i.e., from —20 °C to 140 °C). Figure 12a,b shows
the evolution of storage and loss modulus (E’ and E”, respectively) of neat PLAs and
their composites as a function of the temperature. In correlation with AIl percentage,
E’ increased distinctly in the low-temperature glassy region for all composite samples
(Figure 12a), trends that are like those recorded for the evolution of Young’s modulus
in tensile tests, highlighting the reinforcing effect of filler. This increase is ascribed to
considerable interfacial properties, allowing the stress transfer at low deformations, which
finally is expressed in the enhancements of E’ and Young modulus with filler content [48].
Undeniably; as it is revealed as key example in Table 4, at the temperature of 60 °C (very
close to Ty), the loading of filler was responsible for the level of E’, apparently without
some influence linked to the nature of PLA matrix. E’ was twofold increased for PLA
composites filled with 40% AII compared to the unfilled PLAs.
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Figure 12. (a,b). Dependencies of (a) E’ (storage modulus) and (b) E” (loss modulus) vs. temperature:
neat PLAs compared with PLA—AII composites.

Table 4. Effects of All addition on the values of storage modulus (E’) at the temperature of 60 °C for
different PLA matrices.

AII Content — 0% 20% 40%
| PLA Matrix | Storage Modulus (E'), GPa
PLA1 2.8 3.5 52
PLA2 2.6 3.7 5.4
PLA3 2.7 3.6 5.5

Figure 12b shows the evolution of E” (loss modulus) as a function of temperature. The
results showed that the composites were characterized by slightly higher E”, determined by
the filler loading, an increase assigned to the contribution of the mechanical loss generated
in the interfacial regions [48]. However, the max. peak of E” ascribed to the Tg zone was
only slightly changed, from 66-68 °C for the neat PLAs to max. 70 °C upon Al filling,
results that are in good agreement with DSC data.

Still, due to the highly filling and increased crystallinity at higher temperatures (i.e., in
the range 80-140 °C), PLA3-40% AII composites showed the most important enhancements
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of both, E’ and E”. As demonstrated under dynamic solicitation by DMA, melt-blending of
PLA with AlI offers the possibility to produce PLA composites for applications requiring
enhanced mechanical rigidity and higher temperature of utilization.

3.2.6. Vicat Softening Temperature (VST)

It is generally assumed that the fillers can be effective reinforcemnt phases leading
to the improvement in specific thermal properties, such as HDT and VST, mostly in semi-
crystalline polymers (polyethylene (PE), PP, polyamide (PA), etc.). The VSTs of neat PLAs
were around 62-63 °C (Figure 13), whereas the addition of 20-40% filler into PLA1 and
PLAZ2 led only to a slight increase in VST to about 65 °C. On the other hand, somewhat
unexpectedly, when considering the melt processing conditions (the temperature of the
mold was around 70 °C, without any additional annealing process to obtain higher crys-
tallinity), the most remarkable enhancements were obtained for PLA3—AIl composites,
i.e., an increase in VST to 160 °C, primarily ascribed to the high level of crystallinity. In
fact, the IM tests highlighted that the association PLA3 with All leads to PLA compos-
ites characterized by remarkable crystallization kinetics, that allows the production of
items with high DC. Indeed, the comparative DSC analyses performed on IM specimens
(Supplementary Material, Figure S5a—c), confirmed the high DC (49-53%) of PLA3—AII
composites, results that are in good agreement with those presented in the section thermal
characterizations (DSC).
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Figure 13. Vicat softening temperature (VST) of PLAs with different amounts of filler.

Before concluding, it is important to mention that the composites concerned in this
study need further optimization by taking into account the constraints imposed by appli-
cation (e.g., the amount of filler is a key-parameter), and this it is expected to be realized
following their production in higher quantities using for melt-compounding twin-screw
extruders. Moreover, in the frame of forthcoming contributions, it will be important to
reconfirm the performances of composites using optimized processing conditions (extru-
sion, IM, etc.) and also to determine other characteristics of interest (flexural strength,
HDT, rheological behaviour and MF], evolution of molecular parameters as function of the
residence time at high temperature and shear, etc.). Furthermore, the studies on crystalliza-
tion mechanisms using alternative techniques of investigation (polarized light microscopy
(POM), XRD, etc.), are of further concern.
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4. Conclusions

The study provides answers to current requests regarding the production of environ-
mentally friendly materials using PLAs as a matrix (biosourced and biodegradable) and
the utilization of mineral fillers such as CS 3-AIl made from natural gypsum.

New tests and specific characterizations were performed to prove the stability of AIl
as produced by the calcination of gypsum at high temperature (i.e., 500 °C), in comparison
to other CS derivatives. Characterized by excellent thermal stability and low absorption of
moisture/water of rehydration, so called “insoluble” All is stable, maintaining its crystal
structure even after mixing in water as slurry. Moreover, the overall results confirmed that
CS B-All is a filler of real interest for the industry of polymer composites.

PLAs of different L-lactic acid isomer purity and molecular weights (as supplied for
distinct processing techniques) were used to produce by melt-compounding composites
filled with 20-40% AIL The addition of filler leads to composites characterized by enhanced
thermal stability and increased rigidity (Young’s modulus), determined by the amount
of filler. Interestingly, PLA impact resistance was not decreased when up to 20% filler
was added, whereas the ultimate strength properties were dependent on the molecular
characteristics of PLA matrix, keeping a similar order (PLA1 > PLA2 > PLA3). The values
of tensile strength (e.g., 50-56 MPa, for PLA—20% AIl composites) are of real interest for
engineering applications. Melt-blending PLA with Al leads to two-fold enhancement of
storage modulus (at 60 °C) and offers the possibility to use PLA in applications requiring
enhanced mechanical rigidity and/or higher temperature of utilization. The good thermo-
mechanical proprieties are ascribed to the fine distribution and dispersion of AlIl within
PLA matrix, and favorable interfacial interactions between components.

Advanced kinetics of crystallization linked to the addition of AIl were evidenced
by DSC for PLA3 of high L-isomer purity (>99%) and lower molecular weights. Still,
following the IM processing, the properties of crystallization remain impressive in the case
of PLAS3 filled with 20—40% AII (DC of about 50%), whereas a VST of 160 °C was attained
on IM specimens (only 63 °C for the neat PLA). By considering the overall performances
(tensile strength, stiffness, VST, other specific properties), these composites are proposed
for development/production at larger scale, as a quick answer to current requests for the
use of PLA-based products in engineering applications. Nevertheless, by the carefully
choosing the PLA matrix, these “green” mineral filled (AIl) composites can be designed for
processing by IM, extrusion, thermoforming, and 3D printing.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14122360/s1, as Supplementary Material: Figure Sla—c.
TG and D-TG curves of neat PLAs and PLA—(20-40)% AII composites (under air, 20 °C/min):
(a) PLA1 and PLA1—AII (b) PLA2 and PLA2—AII; (c) PLA3 and PLA3—AII composites; Figure S2:
Comparative DSC curves of neat PLA2 and those of PLA2—AII composites, as obtained during
second DSC heating (10 °C/min).; Figure S3: SEM images (SE mode) of PLA—AII composites
performed on the fractured surfaces obtained after tensile testing.; Figure S4: SEM images (SE mode)
of PLA1—(20-40)% AII composites performed on fractured surfaces obtained by impact testing.;
Figure S5a—c. Comparative DSC analyses on injection molded specimens of PLA and PLA—AII
composites assessing for the higher degree of crystallinity (DC) of PLA3—AII composites (first DSC
scan, 10 °C/min).
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Abstract: Biobased raw materials like natural polysaccharides are increasingly sought by the cosmetic
industry for their valuable properties. Such biodegradable and usually non-cytotoxic biopolymers
are commonly used in skin-care products as rheological modifiers, bioemulsifiers and/or bioactive
ingredients. FucoPol is a natural polysaccharide with reported biocompatibility, emulsion-forming
and stabilizing capacity, shear-thinning behavior and bioactivity (e.g., antioxidant capacity, wound
healing ability) that potentiate its utilization in skin-care products. In this study, olive oil and
a-tocopherol containing emulsions were stabilized with FucoPol. Although the presence of -
tocopherol negatively impacted the emulsions’ stability, it increased their emulsification index (EI).
Moreover, FucoPol outperformed the commercial emulsifier Sepige1® 305, under the tested conditions,
with higher EI and higher stability under storage for 30 days. The formulation of FucoPol-based
emulsions with olive oil and a-tocopherol was studied by Response Surface Methodology (RSM)
that allowed the definition of the ingredients’ content to attain high emulsification. The RSM
model established that x-tocopherol concentration had no significant impact on the EI within the
tested ranges, with optimal emulsification for FucoPol concentration in the range 0.7-1.2 wt.% and
olive oil contents of 20-30 wt.%. Formulations with 25 wt.% olive oil and either 0.5 or 2.0 wt.% «-
tocopherol were emulsified with 1.0 wt.% or 0.7 wt.% FucoPol, respectively, resulting in oil-in-water
(O/W) emulsions. The emulsions had similar shear-thinning behavior, but the formulation with
higher FucoPol content displayed higher apparent viscosity, higher consistency, as well as higher
firmness, adhesiveness and cohesiveness, but lower spreadability. These findings show FucoPol’s
high performance as an emulsifier for olive oil/ x-tocopherol, which are supported by an effective
impact on the physicochemical and structural characteristics of the emulsions. Hence, this natural
polysaccharide is a potential alternative to other emulsifiers.

Keywords: polysaccharide; FucoPol; response surface methodology; oil-in-water emulsions; rheology;
texture

1. Introduction

The cosmetics industry’s interest in moving towards sustainability has significantly
increased the incorporation of natural polymers into cosmetic formulations. Among those,
many polysaccharides have properties similar to non-biodegradable synthetic polymers,
which makes them environmentally friendly alternative raw materials [1,2]. Specifically,
bacterial polysaccharides can be used in formulations as moisturizing agents, thickeners,
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stabilizers and texturizers, acting as a biocompatible and biodegradable component that
protect and maintain the skin and improves the formulations efficacy [2,3]. Emulsions, usu-
ally used in the cosmetic, pharmaceutical and food industries, are the most common type
of skincare products due to their appealing feeling on the skin and ease of application [3,4].
Oil in water (O/W) emulsions are usually used in personal care products, which rely on the
utilization of hydrophilic polymers as thickeners, rheology modifiers, emulsion stabilizers,
emulsifiers and moisturizers [4-6].

FucoPol is a high molecular weight exopolysaccharide (EPS) secreted by the bacterium
Enterobacter A47 (DSM 23139) [7-9] composed of fucose, glucose, galactose, glucuronic acid
(2.0:1.9:0.9:0.5 relative molar ratio), and acyl groups (acetyl, pyruvyl, and succinyl) that
represent up to 12.3 wt.% of FucoPol’s dry mass [10]. FucoPol possesses a—4)-x-L-Fucp-
(1—4)-«-L-Fucp-(1—3)-B-D-Glcp(1—trimer backbone. The branches, present at position
3 of the first fucose, are composed of an «-D-4,6-pyruvyl-Galp-(1—4)-3-DGlcAp-(1—3)-
a-D-Galp(1—trimer, with two pyruvate caps in the terminal galactose at positions C-4
and C-6 [10-12]. This polysaccharide’s properties have been widely reported and include
the ability to form viscous solutions with shear-thinning fluid behavior [13], film forma-
tion [14,15], emulsion forming and stabilizing capacity [9,16], and bioactivity (antioxidant
capacity [17], wound healing ability [12] and photoprotection [18]), which make it a very
interesting polysaccharide for biotechnological applications in the field of cosmetics [3,19].

The objective of the present study was to develop emulsions using the bacterial
heteropolysaccharide FucoPol as an emulsifying agent, assessing the emulsions’ rheological
and textural properties. For that purpose, a preliminary assessment of the emulsion forming
and stabilizing capacity of FucoPol for four hydrophobic compounds, at different oil:water
(o:w) weight ratios, was conducted. Then, the selected hydrophobic compound (olive oil)
was used to prepare emulsions with «-tocopherol. RSM was used to define the optimal
concentration ranges for FucoPol, olive oil, and a-tocopherol. The optimized FucoPol-based
emulsions were characterized in terms of their rheological textural properties.

2. Materials and Methods
2.1. Materials

Castor, paraffin, almond, and olive oils were purchased from a local market. Sepigel®
305 was obtained from SEPPIC (Courbevoie, France). «-tocopherol (vitamin E) was ac-
quired from Sigma-Aldrich (Munich, Germany). FucoPol was produced by the bioreactor
cultivation of Enterobacter A47 (DSM 23139) with glycerol as the sole carbon source as
previously described [20], and extracted from the broth by ultrafiltration according to the
procedure previously described [16]. FucoPol was composed of fucose (36% mol), glucose
(33% mol), galactose (26% mol), and glucuronic acid (5% mol), with a total acyl groups
content of 11.1 wt.%. The sample had protein and inorganic salts contents of 13 wt.% and
7.2 wt.%, respectively.

2.2. Determination of Surface-Active Properties

FucoPol was dissolved in MilliQ water at concentrations ranging from 0.1 to 20 g/L,
and the surface tension of the solutions was determined by the drop pendant method [21]
using a Tensiometer (Kruss, Advance, Hamburg, Germany), at room temperature. The
critical micelle concentration (CMC) was determined by plotting the surface tension
as a function of FucoPol concentration and extrapolating the point where the slope of
the curve abruptly changes. The results were expressed as the mean of three solution
drops =+ standard deviation.

2.3. Emulsions” Preparation

The emulsions were prepared as described by Baptista et al. [16], using castor oil,
paraffin oil, almond oil, olive 0il as the oil phases, and a FucoPol solution (1.0 or 0.5 wt.%)
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as the aqueous phase, at o:w weight ratios of 3:2 and 2:3. The emulsification index (EI, %)
and the emulsification stability (ES, %) were determined by the following equations [22]:

he

El = by x 100 1)

_ Final EI

~ Tnitial BI
where he (mm) is the height of the emulsion layer, and ht (mm) is the overall height of the
mixture after emulsification. Initial and final EI are the values measured at 24 h and after
720 h (30 days), respectively.

Emulsions with olive oil (0:w weight ratio of 3:2) were also prepared with Sepigel®

305, a commercial emulsifier, at concentrations of 0.1 and 0.5 wt.%. An active ingredient,
a-tocopherol, was added to the oil phase at different concentrations (0.0, 2.0, and 5.0 wt.%)
and emulsions stabilized with FucoPol or Sepigel® (0.5 and 1.0 wt.%) were prepared with
olive oil at an o:w weight ratio of 3:2.

100 ()

2.4. Factorial Design of Experiments

Response surface methodology (RSM) [23] was applied to determine the best formula-
tion to prepare olive o0il and a-tocopherol emulsions stabilized with FucoPol. A five-level
three-variable central composite design (CCD) was applied, consisting of seventeen runs,
with eight factorial points, six axial points, and three central points (Table 1).

Table 1. Independent variables and their levels used in the response surface design.

Factor Level
Independent Variables Co.ded
Variable —a -1 0 1 o
FucoPol (wt.%) A 0.00 0.30 0.80 1.30 1.64
Olive oil (wt.%) B 13.18 20.00 30.00 40.00 46.82
a-tocopherol (wt.%) C 0.00 1.00 2.50 4.00 5.02

The central points are used to determine the experimental error and the reproducibility
of the data. The independent variables are coded to have low and high levels of —1 and
+1, respectively. The axial points —« and +o were fixed at 1.682 from the central point
and make the design rotatable. The mathematical relationship between the independent
variables can be approximated by the second-order polynomial model equation:

Y=Po+ ) Bixi+ ) ) Bixixj+ ) Bix ®)
i=1 i=1

i=1j=1

where Y is the predicted response; x; are the independent variables (1 = 3). The parameter
Bo is the model constant; fB; are the linear coefficients; f;; are the quadratic coefficients,
and B;; are the cross-product coefficients [24]. A full factorial design of experiments was
drawn up using the Design-Expert (Design-Expert® software package from Stat-Ease Inc.).
The validated model was plotted in a three-dimensional graph and a surface response
that corresponds to the best emulsification was generated. Analysis of variance (ANOVA)
was used to determine the regression coefficients of individual linear, quadratic, and
interaction terms.

2.5. Characterization of the Emulsions
2.5.1. Type of Emulsion

The method described by Kavitake et al. [22] was used to determine the type of emulsion.
A droplet of the test emulsion was placed onto Whatman™ filter paper (0.2 um, GE Healthcare
Life Sciences, Munich, Germany) and its ability to disperse on the surface was evaluated.
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2.5.2. Microscopic Observation

The emulsions were stained with Nile Blue (a lipophilic dye), as described by Mar-
tins et al. [25]. Briefly, 10 puL of the emulsion were stained with 1% (v/v) Nile Blue A
(Sigma-Aldrich, Darmstadt, Germany) and observed in a Zeiss Imager D2 epifluorescence
microscope (Carl Zeiss, Oberkochen, Germany), with a magnification of 40x through ZEN
lite software (Carl Zeiss, Oberkochen, Germany).

2.5.3. Viscoelastic Properties

The emulsions’ rheological properties were studied using an MCR 92 modular compact
rheometer (Anton Paar, Graz, Austria), equipped with a PP50/S parallel plate geometry
(diameter 50 mm) and a P-PTD 200/ AIR Peltier plate to keep the measurement temperature
constant at 25 °C. A steady-state flow ramp was used to determine flow curves for shear
rates between 0.01 and 1000 s 1. The flow curves were fitted to the Cross model [16,26]:

— 4
5 (t7)" @)

where 7 is the apparent viscosity (Pa.s), 779 is the viscosity at zero shear rate (Pa.s), T (s) is
the relaxation time (s), and m is a dimensionless constant, related to the exponent of pow-er
law (n) by m =1 — n [13,16]. Frequency sweep tests were performed with frequencies
ranging from 0.01 to 16 Hz for a constant strain of 0.5% that was well within the linear
viscoelastic limit (LVE) evaluated through preliminary amplitude sweep tests.

2.5.4. Texture Analysis

Texture analysis was performed as described by Tafuro et al. [1]. The firmness, consistency,
cohesiveness, and adhesivity of the attained formulations were determined using a texture
analyser (TMS-Pro, Food Technology Corporation, Sterling, VA, USA) equipped with a 50 N
load cell (Mecmesin, Sterling, VA, USA). The sample was placed in a female conic holder and
was compressed 11 mm of depth (which represented a sample deformation of around 70%); this
procedure was done twice by a male conic probe at a speed of 2 mm/s. The samples’ mechanical
parameters were determined from the force—displacement curve: the firmness corresponded to
the highest force value attained by the sample during the first compression; the consistency was
calculated by the area under the curve of the first compression; the cohesiveness was determined
through the ratio of the areas under the curve from the first and the second compressions; and
the adhesiveness was determined from the area under the curve from the negative peak attained
after the first compression [1,2].

3. Results and Discussion
3.1. Surface-Active Properties

Figure 1 shows the equilibrium surface tension as a function of FucoPol concentration.
Two distinct regions can be identified: up to around 11.5 g/L, there is a reduction of the
surface tension with increasing FucoPol concentration, while above such value the surface
tension remains constant irrespective of the biopolymer’s concentration. FucoPol’s critical
micelle concentration (CMC) was determined to be approximately 11.5 g/L, given as the
point of intersection between the two lines, which correspond to the linear regression of
each set of data points [27,28]. This value is considerably higher than those reported for
commercial polysaccharides like xanthan and guar gum (approximately 0.15 g/L and 5 g/L,
respectively) [29], suggesting a lower thermodynamic stability of the particles system [30].
Nevertheless, FucoPol reduced the surface tension of water from 72 mN/m to 54.6 mN/m
at the CMC, a value that is within the range reported for other microbial biosurfactants
(34-69 mN/m) [31-33]. Moreover, polymeric biosurfactants, despite not significantly
lowering the water’s surface tension, are generally more effective in the formation and
stabilization of emulsions [31,34].
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Figure 1. Surface tension of FucoPol solutions at concentrations ranging from 1 to 20 g/L.

3.2. Emulsion Forming and Stabilizing Capacity of FucoPol
3.2.1. Preparation of FucoPol-Stabilized Emulsions with Different Oils

FucoPol was used to prepare emulsions with four different oils commonly used in cosmetic
products’ formulations, namely, castor oil [35-38], paraffin oil [39—41], almond oil [42,43] and
olive oil [44-48]. Castor oil is a natural oil that acts as an antimicrobial, anti-inflammatory,
antioxidant, wound healing, vasoconstrictive [49] and UV-protective agent [50]. Paraffin oil is a
petroleum-based derivative that enables the regulation of viscosity in formulations, possessing
protective and lubricating properties which prevent skin dehydration [51]. Almond oil, an
abundant macro and micronutrients source, is utilized in cosmetics due to its moisturizing and
restructuring properties [42]. Olive oil, composed of squalene, phytosterol, tocopherol, vitamins
A and E, and fatty acids (oleic and linoleic acids), is indicated for skin applications due to its
acidity and soothing effect [16,39,52].

The assays consisted of mixing the biopolymer, at a concentration of 0.5 or 1.0 wt.%, with
each oil, at 2:3 or 3:2 weight ratios. As shown in Figure 2, FucoPol efficiently emulsified all the
tested hydrophobic compounds, with EI at 24 h (E24) values above 50% (Table 2), which is the
criterion for a good emulsifier [53]. For the 2:3 weight ratio, increasing the concentration of the
polymer from 0.5 wt.% to 1.0 wt.% resulted in increased E24 for all the tested oils (Table 2). For
the 3:2 weight ratio, on the other hand, this was not observed. In fact, for all tested oils, the E24
value decreased except for castor oil (E24 increased from 56 to 100%). All other oils presented
negligible emulsification (Figure 2; Table 2). For 0.5 wt.% of FucoPol, increasing the oil ratio
from 2:3 to 3:2 resulted in higher E24, except for castor oil.

Table 2. Emulsification activity measured at 24 h (E24) and emulsions’ stability (ES) for the emulsions
stabilized with FucoPol. Data are shown as the average + standard deviation (SD) (1 = 3).

E24 (%) ES (%)
0il FucoPol
2:3 3:2 2:3 3:2

c ” 0.5% 70 + 3 53 +4 81+3 77 + 4
astor ol 1.0% 10040 10040 2040 1140
Paraffin oil 0.5% 58 & 2 80 +4 87 +5 68 + 6
aratin ot 1.0% 85 +2 6+0 5441 78 £ 0
Almond oil 0.5% 84 + 4 93+6 50+ 3 4746
mond o1 1.0% 89 40 0+0 31+6 0+0
Olive ol 0.5% 58 + 0 76 +0 85 +2 97 + 0
tveol 1.0% 8141 56 4 0 56 + 1 100+ 0
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Figure 2. Emulsions prepared with FucoPol (0.5 or 1.0 wt.%) with castor oil, paraffin oil, almond oil,

3:2

and olive oil, at o:w weight ratios of 2:3 and 3:2.

3.2.2. Evaluation of Emulsions’ Stability

Cosmetic applications require that the emulsions have adequate shelf-life, usually
up to six months [47,54-56]. The stability of the emulsions prepared with FucoPol was
evaluated at room temperature, by measuring their EI over a period of 720 h (30 days). As
shown in Figure 3, FucoPol emulsion stabilizing capacity depended on the o:w weight ratio,
as well as on the tested oil. All FucoPol-stabilized emulsions had no detectable changes in
odor or color during the storage period.

The least stable sample was the emulsion prepared with castor oil at an o:w weight
ratio of 3:2 and a FucoPol concentration of 1.0 wt.% (Figure 3(a.2)). This sample’s EI dropped
from 100% at 24 h to 18% at 7 days, with an overall ES of 11% (Table 2). Nevertheless, the
emulsions prepared with castor oil and 0.5 wt.% FucoPol (Figure 3(a.1,a.2)) were stable
for both o:w weight ratios, presenting ES values of 81 &+ 3% and 77 £ 4%, respectively
(Table 2).

Most of the emulsions prepared with paraffin oil and almond oil also showed a signifi-
cant decrease in their EI during the 720 h shelf-life test (Figure 3(b.1-c.2)) with ES values of
0 to 54% (Table 2). Despite the lower E24 values (56-76%), the olive oil/FucoPol emulsions,
for both o:w weight ratios tested, showed higher stability (Figure 3(d.1,d.2)), corresponding
to ES values of 85-100% (Table 2). Antunes et al. [42] obtained olive o0il/FucoPol emulsions
in 2:3 and 3:2 (v/v) ratios that maintained at least 50% of the initial EI for 9 weeks, which
agrees with the results reported in this study.

The results obtained in this study demonstrate that FucoPol is a promising stabilizer
for emulsions with any of the tested oils provided the adequate o:w weight ratio and
FucoPol concentration are utilized. Castor oil (at the 2:3 weight ratio, 1.0 wt.% FucoPol),
paraffin oil (at the 3:2 weight ratio, 0.5 wt.% FucoPol) and olive oil (at the 3:2 weight
ratio, 0.5 wt.% FucoPol, and at the 2:3 ratio for either 0.5 or 1.0 wt.% FucoPol) presented
high EI and were stable over the 720 h storage period. Given the good results obtained
for olive oil and its known biological properties [16,39,52], this oil was chosen for the
subsequent studies.
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Figure 3. Emulsification index (EI%) overtime for emulsions prepared with FucoPol and different
hydrophobic compounds: Castor oil (a.1,a.2), paraffin oil (b.1,b.2), almond oil (¢.1,¢.2) and olive oil
(d.1,d.2), for FucoPol concentrations of 0.5 wt.% (gray) and 1.0 wt.% (orange), for o:w weight ratios of
2:3 (left) and 3:2 (right). The red dashed line represents EI (%) = 50. (1 = 3).

3.2.3. Assaying «-Tocopherol as an Additive to the FucoPol-Stabilized Emulsions

The effect of x-tocopherol, an antioxidant commonly used in cosmetic formulations [57,58],
on FucoPol/olive oil emulsions were evaluated by testing different concentrations of
this additive on the EI and on the emulsions’ stability. According to the risk profile of
tocopherols [59], the maximum concentration of x-tocopherol allowed in cosmetic products
is 5 wt.%. Nonetheless, the a-tocopherol concentration in the skin care cosmetics below
0.2% is sufficient to protect lipids against peroxidation [60]. Therefore, a-tocopherol at
concentrations of 2.0 and 5.0 wt.% were selected for testing as an additive in FucoPol/olive
oil emulsions.

As shown in Table 3, the addition of «-tocopherol led to an increase in the E24 values
for both FucoPol concentrations tested. Compared to the samples with no «-tocopherol
that had E24 values of 76% and 56%, for FucoPol concentrations of 0.5 and 1.0 wt.%,
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respectively (Table 3), the addition of a-tocopherol resulted in higher E24 (80-86% and
61%, respectively). However, the resulting emulsions were less stable, especially for those
prepared with 1.0 wt.% FucoPol that had overall ES of 61%, compared to 96% for the sample
with no a-tocopherol (Figure 4, Table 3). For the emulsions prepared with 0.5 wt.% FucoPol,
the ES was 82% and 90%, for 2.0 and 5.0 wt.% «-tocopherol, respectively (Table 3). Despite
the observed ES reduction, the sample containing 5.0 wt.% a-tocopherol had an ES of 90 at
720 h, identical to the sample with no additive (Table 3).

Table 3. Emulsification activity at 24 h (E24) and emulsions’ stability over a period of 720 h, for the
emulsion prepared with FucoPol, olive oil and a-tocopherol, at 3:2 (w/w) ratio. Data are shown as
the average + standard deviation (SD) (n = 3).

“-Tocopherol 0.5 wt.% Emulsifier 1.0 wt.% Emulsifier
Emulsifier (Wt.%)
wit. 7 E24 (%) ES (%) E24 (%) ES (%)
0 76 £ 0 87 +3 56 +£ 0 96 £+ 0
FucoPol 2.0 86 +1 82 +1 61+0 53+ 5
5.0 80+1 90 + 1 61+0 63 +12
0 0+0 - 4940 100+ 0
Sepigel 2.0 0+0 - 0+0 -
5.0 0+0 - 0+0 -
100 A a 100 - b
80 - "\j\‘\ 80 -
.“‘-.—v‘ <_‘: 9
g @] g
S =
40 -
20 - 20 -
0 - - - - - : : 0 . . , . : , ;
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time (h) Time (h)

Figure 4. Emulsification index (EI%) over time for the FucoPol-stabilized emulsions with olive oil
and a-tocopherol, at the 3:2 ratio: FucoPol (0.5 wt.% (a); 1.0 wt.%, (b)); a-tocopherol: 0 wt.%, gray;
2.0 wt.%, green; 5.0 wt.%, blue. The red dashed line represents EI = 50%. (1 = 3).

3.2.4. Comparison with Sepigel® 305

The commercial emulsifier agent Sepigel® 305 (also known as Farcosgel) was used to
prepare emulsions with olive oil (o:w weight ratio of 3:2), with and without a-tocopherol,
and the results were compared to those of FucoPol’s emulsions (Table 3). Sepigel® 305 is a
synthetic hydrophilic polymer used in cosmetics to provide increased viscosity and stability to
the formulation [61]. Sepigel® 305 is composed by a blend of polyacrylamide (10-20%), C13-14
Isoparaffin (1-5%), and Laureth-7 (1-5%). In its composition, each compound presents a specific
function: the pre-neutralized polyacrylamide polymer is contained within an emulsion, where
isoparaffin forms an oily phase and laureth-7 acts as a surfactant [61-63]. The comparison
between Sepigel® 305 and FucoPol aims to discuss the possibility to replace a widely used
chemical agent with a naturally produced polymer in cosmetic formulations. Interestingly,
no emulsification was observed for the 0.5 wt.% Sepigel® samples and an EI of 49 =+ 0% was
obtained for 1.0 wt.%, which was, nevertheless, stable for the 720 h shelf-life periods assay. The
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addition of a-tocopherol had a negative impact, and no emulsification was observed for any
additive concentration. According to Anchisi et al. [56], Sepigel® 305 at concentrations of 1.5-7%,
with an oil phase consisting mainly of a fluid oil, resulted in good emulsification for O/W
skin creams. Other studies have reported the development of stable emulsions containing this
polymer at concentrations higher than 2 wt.% [61-64]. At lower concentrations (<1.5 wt.%), the
synthetic hydrophilic polymer was able to stabilize O/W formulations only with the addition
of different emulsifying ingredients and emulsion stabilizers [65,66]. These results show the
ability of the natural polymer FucoPol to emulsify without the addition of other agents at low
concentrations, which becomes an advantage compared to the synthetic polymer Sepigel® 305.

3.3. Emulsification Optimization by Response Surface Methodology
3.3.1. Response Analysis

Table 4 shows the data for the 17 runs of the CCD. Results show that the emulsification
after 24 h ranged from 0.0 to 97.8%. Good emulsification index (E24 > 95%) was obtained
inruns 1, 5,11, 12, 14, 16 and 17, for which FucoPol concentration was 0.8-1.3 wt.%, and
the olive oil content was 20-30 wt.%, irrespective of the a-tocopherol content that varied
from 0-5 wt.%. These results suggest that a-tocopherol concentration has little effect on
the E24. Outside those FucoPol and olive oil concentration ranges, E24 of 30.4-78.3% were
attained. As expected, no emulsification was obtained in run 15 due to the absence of the
bioemulsifier. Moreover, there was also no emulsification for runs 2, 6 and 10.

Table 4. Central composite design (CCD) with studied variables (A: FucoPol, B: Olive oil, C: «-
tocopherol), experiment and theoretically predicted values E24.

R FucoPol, A Olive Oil, B «-Tocopherol, C E24 (%)
un (wt.%) (wt.%) (wt.%) Actual Value  Predicted Value
1 0.8 30 25 97.8 97.1
2 1.6 30 25 0.0 3.0
3 0.3 20 4.0 30.4 26.8
4 0.8 46.8 25 78.3 57.3
5 0.8 30 0.0 95.7 100
6 1.3 40 4.0 0.0 19.5
7 0.3 20 1.0 76.1 56.6
8 0.3 40 4.0 69.6 72.7
9 0.8 13.2 2.5 73.9 95.0
10 1.3 40 1.0 0.0 3.6
11 0.8 30 5.0 95.7 90.0
12 0.8 30 2.5 97.7 97.1
13 0.3 40 1.0 69.6 78.7
14 0.8 30 25 97.6 97.1
15 0.0 30 2.5 0.0 15.3
16 1.3 20 4.0 95.6 87.0
17 1.3 20 1.0 97.8 94.6

E24 predicted value = 97.07 — 3.82A — 11.24B — 3.5C — 28.26AB + 543AC + 5.98BC — 34.31A2 — 7.41B2 — 0.4880C2.

3.3.2. RSM Modelling

RSM methodology was used to evaluate the effect of each ingredient (FucoPol, olive oil
and a-tocopherol) on the E24 of the emulsions, as well as the combined effect of the variables.
ANOVA was used to define the working ranges for each variable resulting in the highest E24
values. The statistical analysis (Table 5) shows that the proposed model was adequate [67].
The quadratic model was found to be significant (f-value = 18.51 and p-value = 0.001), and it
was supported by an insignificant lack-of-fit (p = 0.634) toward the response (E24). There is
only 0.10% chance that a “Model F-Value” could occur due to noise, meaning that the greater
f-value from unity explains adequately the variation of the data around its mean; in addition,
the estimated factor effects are real [68,69]. The R? (0.965) was in reasonable agreement with
the adjusted R? (0.913). The adjusted coefficient of determination indicated that 91.31% of the
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variability in the response could be explained by the model. Hence, the quadratic model is
an accurate representation of the actual relationships between the response and the variables.
The observed precision of 12.19 indicates an adequate signal (ratio > 4 is desirable). The
statistical analysis indicates that the proposed model was adequate to predict the ingredients’
concentrations to obtain stable emulsions (E24 > 50%) [53].

Table 5. ANOVA for response surface quadratic model. (55)—Sum of Squares shows the variance of
values; (MS)—Mean Square is the arithmetic mean of the squared differences; p-value < 0.05 indicate
model terms are significant.

Source SS MS f-Value p-Value Significance
Model 24,439.63 2715.51 18.51 0.001 Significant
A: FucoPol 199.37 199.37 1.360 0.287
B: Olive oil 2854.49 2854.49 19.46 0.004
C: a-tocopherol 167.58 167.58 1.140 0.326
AB 6390.15 6390.15 43.56 0.001
AC 236.31 236.31 1.610 0.251
BC 286.08 286.08 1.950 0.212
A? 14,317.43 14,317.43 97.60 0.0001
B2 0.0002 0.0002 1.4 x 107 0.999
C? 72.96 72.96 0.497 0.507
Lack of Fit 582.37 145.59 0.766 0.634 Not significant
R? 0.965
R? adjusted 0.913
R? predicted 0.622
Adequate precision 12.19

The response of the RSM was shown as three-dimensional surface graphs (Figure 5,
and contour plots resulting in an infinite number of combinations of the FucoPol, olive oil,
and a-tocopherol. The result suggests that FucoPol concentrations between 0.8-1.3 wt.%
and olive oil concentrations between 20-30 wt.% reach E24 values above 95.6%. Moreover,
a-tocopherol does not appear to influence the E24 value (Figure 5). Figure 5a shows
an inversely proportional interaction between FucoPol and olive oil, whereby E24 value
increases with the increase in FucoPol concentration and decrease in olive oil concentration.
Figure 5b corroborates the observed inverse proportionality between FucoPol and olive oil
concentrations. Lastly, Figure 5c shows higher E24 values for olive oil between 25-30 wt.%.

E24 (%)

(b) (c)

Figure 5. Three-dimensional response surface plot showing the interactive effects of different compo-
nents on the O/W emulsion. (a) FucoPol and Olive oil (wt.%) with a-tocopherol fixed at 2.5 wt.%,
(b) FucoPol and a-tocopherol (wt.%) with olive oil fixed at 30 wt.%, (c) olive oil and and a-tocopherol
(wt.%) with FucoPol fixed at 0.8 wt.%.
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Based on Figure 5, increasing the concentration of FucoPol resulted in emulsions
more stable against coalescence, avoiding emulsion phase separation [70]. This is due
to FucoPol’s ability to allow a specific texture (of increased viscosity) to the formulation
and to decrease elasticity-driven creaming of the droplets [3]. FucoPol concentration and
olive oil concentration have inversely proportional effects, as shown by the p-value < 0.05
(Table 5). In this case, linear (B), interaction (AB) and quadratic (A?) are significant model
terms on E24 including a positive linear effect (p = 0.004) of olive oil and a quadratic effect
(p = 0.0001) of FucoPol, interacting with himself on the response [67]. This result agrees
with results obtained for bacterial cellulose, in which emulsions became more stable as the
concentration increased, reaching 1 wt.% [71]. In contrast, for xanthan gum concentrations
of 0.12% and 0.2%, emulsions became more stable with 50 wt.% of oil [72-74].

Based on the results obtained in the CCD, two FucoPol-stabilized emulsions were
prepared: F1 that comprised 1.0 wt.% FucoPol, 25 wt.% olive oil and 0.5 wt.% o-tocopherol;
and F2 that comprised 0.7 wt.% FucoPol, 25 wt.% olive oil and 2.0 wt.% oa-tocopherol. F1
and F2 yielded E24 values of 98.0 £ 0.40% and 84.7 & 0.0%, respectively.

3.4. Characterization of the FucoPol-Stabilized Emulsions
3.4.1. Type of Emulsion

The microscopic observation (Figure 6a) of the emulsions showed compartmentalized
structures characteristic of O/W emulsions, consisting of dispersed oil droplets in the
aqueous phase [75,76]. Furthermore, in the emulsion determination test (Figure 6b), the
emulsions’ droplets rapidly dispersed on the filter paper, thus confirming their O/W
nature [22,77,78]. O/W emulsions represent nearly 65% of the total emulsified products
available in the cosmetic industry market due to their sensorial properties [79,80] and
are present in several products such as creams and lotions [80,81]. W/O emulsions are
commonly used in waterproof products by providing higher hydration to emulsions [80].
However, these emulsions usually are responsible for an oily sensation on the skin, which
enhances the consumer preference for O/W emulsified products [82].

Figure 6. (a) Optical microscopic (40x) images of F1 (A) and F2 (B) emulsions; contrast phase and
fluorescence after Nile Blue A staining (A1, B1, respectively); (b) emulsion determination test by filter
paper wetting.

3.4.2. Viscolelastic Properties

As shown in Figure 7a, both samples presented a shear-thinning behaviour, as the
viscosity progressively decreased under increasing shear rates, in agreement with previous
studies that reported the same behaviour for FucoPol/olive oil emulsions [16]. This effect is
observed when a spherical shape is detangled by polymer chains and the droplets begin to
deform, forming an ellipsoidal shape. Moreover, layer formation, due to aggregate breaking
into elemental constituents, is concurring with the shear plane, decreasing the overall flow
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resistance [1,2,83,84]. This shear-thinning behaviour was observed for emulsions stabilized
by other polysaccharides, such as xanthan gum and guar gum [83,85]. Nevertheless,
slight differences are noticed between samples, namely, a lower apparent viscosity for the
emulsion F2 (Figure 7a, triangles) compared to emulsion F1 (Figure 7a, circles), which was
probably due to the lower polymer concentration in F2. FucoPol increased viscosity in the
water phase leads to decreased droplets” mobility and collision numbers, which can explain
the observed behaviour [86].
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Figure 7. Rheological profile analysis of FucoPol formulations F1 (circles) and F2 (triangles): (a) vis-
cosity curves as a function of the shear rate, flow curves fitted with Cross model (1 = 3); (b) elastic G’
(closed) and viscous G” (open) moduli in the function of frequency.

A non-Newtonian mathematical model, the Cross model, was fitted to the experimen-
tal results (Figure 7a) with the resulting parameters given in Table 6. The highest 1y value
was observed for emulsion F1 (13.92 & 2.36 Pa.s), but the T fitting parameter was similar
for both emulsions. The emulsions had an identical degree of shear-thinning as shown by
the similar values of m (0.74 4+ 0.00 and 0.68 + 0.01) [87].

Table 6. Cross model parameters estimated for formulations samples: 7g—apparent viscosity of the
second Newtonian plateau (Pa-s); T—relaxation time (s); m—dimensionless constant; Data are shown
as the average + standard deviation (SD) (n = 3); and textural parameters.
Cross Model Parameters Textural Parameters
Emulsion 1o T . Firmness Consistency  Adhesiveness Cohesiveness
(Pa.s) (s) (N) (m]) (m])
F1 13.92 4+ 2.36 1.64 £0.13 0.74 4+ 0.00 0.074 0.088 0.156 0.748
F2 7.59 £0.04 1.72 £0.04 0.68 = 0.01 0.074 0.055 0.129 0.688

RE =Y, (|xel- i — xcalc,i|/xexp)/n is between 0.011 and 0.019.

The mechanical spectra (Figure 7b) of the two FucoPol-stabilized emulsions showed higher
loss modulus (G”) than storage modulus (G'), indicating a liquid-like behaviour [16], with
FucoPol viscosity being the dominant property influencing the emulsions’ stability [54,88]. The
mechanical spectra for the two emulsions are quite similar, with G increasing at a higher
rate than G/, with the crossover of dynamic moduli being perceived at a lower frequency
(0.6 Hz) for emulsion F1 than for emulsion F2 (1.6 Hz). This indicates that, for emulsion F1,
higher viscosity translates into lower energy storage threshold, featuring a G’ G” crossover
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at a lower frequency [16,89]. After the crossover point, increasing the frequency displays a
solid-like behaviour for both emulsions (G’ > G”') [54,90].

3.4.3. Textural Assessment

As shown in Table 6, the FucoPol-stabilized emulsions F1 and F2 had the same firmness
(0.074 N) when perforated 11 mm with a conic probe. The consistency of emulsion F1
was 0.088 m]J, while that of sample F2 was 0.055 m]. Studies showed that the firmness and
energy required to deform a sample are related to the sample’s spreadability: high firmness
and consistency values indicate a less spreadable sample, whilst lower consistency and
firmness values indicate a more spreadable sample [1,2]. Hence, these results show that both
samples are very spreadable, presenting low firmness and consistency values. Moreover,
emulsion F2 was more spreadable than sample F1 (Table 6). The spreadability (skin cover
capacity over time) is crucial in cosmetic emulsion development being a decisive factor
for consumers’ approval of products [91]. While both samples showed some adhesivity,
emulsion F1 (0.156 m]) seemed to be more adhesive than F2 (0.129 mJ]). When a formulation
is spread, verifying the material’s uniform scattering throughout the applied surface is
pivotal to avoid the active substance’s accumulation or dissipation and to insure the correct
utilization of the formulation [1,2]. Therefore, the cohesiveness was also an important
parameter to be observed. Given this, emulsion F1 (0.748) is more cohesive than emulsion F2
(0.688), which concludes that sample F1 has higher firmness, adhesiveness and cohesiveness
but is less spreadable than sample F2. These results are concordant with 7 (Pa.s) values
(Table 6), where emulsion F1 exhibited higher apparent viscosity (13.92 £ 2.36 Pa.s) than
F2 (7.59 £ 0.04 Pa.s).

3.4.4. Comparative Analysis of the FucoPol-Stabilized Emulsions

F2 emulsion had a slightly higher spreadability value [91], a feature of interest for
cosmetic and pharmaceutical applications. Furthermore, at high shear rates (e.g., 1000 s},
which is representative of a skin spreading process [91]), both F1 and F2 emulsions dis-
played analogous viscosity (0.05 Pa.s and 0.04 Pa.s, respectively). Such characteristics are
found in lotions or light creams [80,82], thus confirming the potential of FucoPol for the
development of skin care cosmetic products.

4. Conclusions

This study demonstrated the ability of the bacterial polysaccharide FucoPol to emul-
sify olive oil and a-tocopherol, outperforming the commercial emulsifier Sepigel®. The
resulting O/W emulsions had good viscosity and spreadability, which substantiates its
relevance in the development of cosmetic applications. The emulsion textural properties
can be modulated by using different FucoPol and a-tocopherol contents, thus yielding
formulations suitable for use in different skin-care products. The intrinsic antioxidant
capacity of FucoPol adds to that of «-tocopherol, which, together with FucoPol’s wound-
healing ability, render this natural polysaccharide as a valuable biomaterial for cosmetic
formulations’ development.
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Abstract: Polyethylene and Polyester materials are resistant to degradation and a significant source
of microplastics pollution, which is an emerging concern. In the present study, the potential of a
dumped site bacterial community was evaluated. After primary screening, it was observed that 68.5%
were linear low-density polyethylene, 33.3% were high-density, and 12.9% were Polyester degraders.
Five strains were chosen for secondary screening, in which they were monitored by FTIR, SEM
and weight loss degradation trials. Major results were observed for Alcaligenes faecalis (MK517568)
and Bacillus cereus (MK517567), as they showed the highest degradation activity. Alcaligenes faecalis
(MK517568) degrades LLDPE by 3.5%, HDPE by 5.8% and Polyester by 17.3%. Bacillus cereus
(MK517567) is better tolerated at 30 °C and degrades Polyester by 29%. Changes in infrared spectra
indicated degradation pathways of different strains depending on the types of plastics targeted.
Through SEM analysis, groves, piths and holes were observed on the surface. These findings suggest
that soil bacteria develop an effective mechanism for degradation of microplastics and beads that
enables them to utilize plastics as a source of energy without the need for pre-treatments, which
highlights the importance of these soil bacteria for the future of effective plastic waste management
in a soil environment.

Keywords: micro-pollutants; landfill; soil biota; polyethylene; polyester

1. Introduction

After their development over the last hundred years, plastics have been utilized
in numerous ways, and are associated with every part of our lives [1]. Regardless of
their benefits, issues identified with their wide application cannot be ignored. Most of
these plastics are resistant and remain in the earth for generations [2]. According to
recent information, worldwide plastic production reached 360 million tons in 2018. Asia
is the biggest maker and consumer of the world’s plastics. Among worldwide plastic
producers, China is the largest (30%), trailed by Europe (17%), and in total 18% are from
Canada, Mexico and US [3]. It is appropriate to specify that petrochemical plastics account
for over 80% of overall plastic use. For instance, polyethylene terephthalate, polyester,
polyethylene, polypropylene, polystyrene, and polyvinyl chloride are the most commonly
utilized plastics [4]. Various strategies utilized for plastic waste management are dumping
in a garbage lot, burning and reusing. Each of these techniques has its disadvantages; for
example, plastics when burnt or incorporated into landfills utilize sources of land, which
causes pollution, and limited natural resources are wasted. Currently, limited quantities are
reused and this causes a hindrance to the idea of the circular economy; only 9% of plastic
has been recycled from the total production of 8.3 bn metric tons since the 1950s [5,6]. It has
also been reported that in 1990 Coca-Cola promised to use 25% recycled plastic by 2015,
but in 2020 only 11.5% had been recycled [7].
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Among the plastics which currently exist, fragmented particles have gained atten-
tion and are even more troubling. These are characterized as microplastics (1 pm-5 mm)
based on their diverse range [8,9]. Due to the smaller size and wide dispersion of these
fragments, it is hard to gather them and remove them subsequently from the environment.
In the same way, the speed at which they enter nature outstrips their clearance speed [10].
Besides, microplastics are found in potable water, whichmay become a danger to well-
being [11]. Polyethylene is a generally utilized type of plastic because of its conveyance
ability. Nonetheless, because of its saturated linear hydrocarbon chains, and because it
can be communicated as -[CH2-CH2], PE items are hard to be corrupted by nature [12]. A
feasible way-out of this problem is conversion of plastics by microbes. Microbes that have
the potential to degrade plastics belong mostly to the phyla Proteobacteria, Firmicutes and
Actinobacteria, and most were screened from polluted dumpsites. Studies should concen-
trate on biodegradation of microplastics focusing on the most well-known contaminants
such as polyethylene [13].

Microbial assisted deterioration of polymers by bacteria and fungi has been effectively
researched in indigenous habitats, such as soil. For example, Bacillus sp., Rhodococcus
sp. [14], Pseudomonas aeruginosa [15], Zalerionmaritimum [16], and Aspergillus clavatus [17]
can utilize plastic polymers as their energy source in cultivation media, therefore causing a
decrease in the dry weight of polymers and inciting physical-chemical alterations which
include modifications in surface morphologies. Subsequently these microbes form cracks
and rough surfaces and produce chemical bonding structures, such as carbonyl groups,
ketones and aldehydes [18]. Microorganisms can break down the polymers in two phases,
firstly inside them, and then becoming enzymatically dissimilated in order to discharge
extracellular proteins, causing chain cleavage in the monomer, which can be used by mi-
croorganisms [14]. Microbial species have the ability to change polymers into monomers
and, additionally, to dissimilate into carbon dioxide and water. The biodegradation accom-
plished by microbes is related key characteristic such as the atomic weight and crystallinity
of the polymers [19-21].

The aim of the present study is to evaluate the potential of locally isolated strains to
degrade plastics with different chemical compositions based on their petrochemical origin.
Alcaligenes faecalis, Bacillus spp. and Staphylococcus sp. were isolated from dumps in Multan,
with affinity for LLDPE, HDPE and Polyester and with a considerately faster decay rate
which is globally needed, especially in developing countries.

2. Material and Methods
2.1. Polyethylene and Polyester Used in the Current Study

Plastic beads and powders of Linear low-density polyethylene, high-density polyethy-
lene and aromatic Polyester used in the current study were provided by Mehran Plastic
Industries Pvt Limited, Karachi, Pakistan. LLDPE, HDPE and polyester (HOROH) and
terephthalic acid (p-HOOC-C¢H4COOH) were in the form of fine powders with 99.5%
purity. Beads were sterilized, followed by washing with 70% ethanol and drying with filter
paper to make them ready-to-use in experimentation.

In this study, biodegradation of microplastics and beads was carried out by soil biota.

2.2. Isolation, Identification, and Screening of Bacterial Isolates

Samples of soil (5 g) were collected from different municipal dumpsites in Multan
which are heavily contaminated with various plastic waste, in commercial areas. These
specified areas were chosen since they had been used as a plastic dump site for a very long
time, expanding the likelihood of finding bacteria that has the ability to degrade plastics.
By using a conventional serial dilution method, 50 pL from 10~ dilution was spread on
a nutrient agar (Sigma Aldrich, Saint Louis, MO, USA) plate infused with 1% of plastic
powder for the isolation of plastic degrading bacteria, and for each type of given plastic this
procedure was repeated. After 15 days of incubation at 37 °C, bacteria with distinct zones
were selected and sub-cultured for further characterization [10]. Based on morphological
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characterization of the bacterial colony after primary screening, Gram-stained slides were
observed under light microscope at 40x and 100x for identification. Figure 1 graphically
explains the research framework.

Isolation, Molecular identification and Screenings
of Micro-plastics degrading bacteria

U

Optimization of Potential Isolates

Analysis of weight loss by bacterial consortia in
natural soil conditions

U

Characterization of biodegraded beads performed by

Z 1%

SEM Sturm
Test

FTIR

Figure 1. Schematic diagram of the study.

Secondary screening of isolates was performed by both static and shaking methods
using mineral salt medium previously used by Osman et al. [22] supplemented with 5%
polyethylene (LLDPE and HDPE) and polyester powder. Isolation of plastic degrading
bacteria was verified by streaking the bacteria on 5% concentration solid media, and
diameter of zone was observed after 15 days of incubation at 37 °C, while shaking technique
involved biodegradation assay and liquid media. After secondary screening, molecular
identification wasperformed by amplification of 16S rRNA gene by using primers 785F 5’
(GGA TTA GAT ACC CTG GTA) 3/, 27F 5 (AGA GTT TGA TCM TGG CTC AG) 3 from the
Macrogen sequencing system. Sequences were analyzed utilizing the BLAST tool from the
National Centre for Biotechnology Information (NCBI) (https:/ /www.ncbinlm.nih.gov/
accessed on 25 May 2022) against reference 165 rRNA sequences of type strains and
submitted to GenBank. To construct consensus, neighbor joining tree phylogenetic analysis
was carried out by using Molecular Evolutionary Genetics Analysis (MEGA) version 7
software (Pennsylvania State University, State College, PA, USA) [23].

2.3. Rate of Deterioration by Weight Loss Strategy and the Impact of Temperature and pH on
Weight of Plastic

Isolates showing zone of clearance in static secondary screening were further assessed
in the degradation study. Each isolate was separately inoculated in flasks containing
20 mL of minimal medium and beads of Polyethylene (LLDPE and HDPE) and Polyester,
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separately. The biodegradation study was implemented for a period of 40 days. Analysis
was caried out by weight reduction using the following formula [24].

Weight loss % = initial weight — final weight/initial weight x 100 (1)

Biodegradation study of LLDPE, HDPE and Polyester was performed at different
temperature and pH conditions in order to optimize the isolated bacterial cultures in
different environmental conditions, for future study. The range of temperature used was
30-45 °C, and the pH was maintained at 4.0 and 8.0 scale. The weight of plastic beads was
recorded earlier. Optimization of isolates was carried out for 15 days [25].

2.4. Formulation of Microbial Consortia and Determination of Weight Loss for the Mixture of
Plastic Pellets in Local Natural Conditions

An acclimated consortium capable of degrading polyester, high-density and linear
low-density polyethylene pellets was developed in the laboratory. A 500 mL flask with
nutrient broth (Sigma Aldrich, Saint Louis, MO, USA) inoculated with Alcaligenes faecalis,
Streptococcus sp. and three types of Bacillus spp. was utilized for the degradation experiment.
Subsequently, the consortium was cultured, until lag phase was developed, for 6 days. A
control was set up containing just broth and beads of LLDPE, HDPE and polyester [26],
to examine biodegradation of LLDPE, HDPE and Polyester in off-site conditions. The
biodegradation of commercially available plastic beads under the attack of bacteria was
studied using the soil burial method for an interval of three months. Pre-weighted beads
were washed with 70% ethanol and added to soil. Sterilized pellets were added to soil
along with nutrient broth and inoculum. Soil selected was clay loam with pH 8.0. The
experiment proceeded from March to May, so temperature variations (23 °C to 45 °C) could
be noted.

2.5. Analysis of Plastic Beads Degradation by Sturm Test

Plastic degrading bacteria can break down the long chains of polymers into monomers
by their different activities, either by oxidation or enzymatic hydrolysis. CO, evolved as
a result of mineralization of plastics in aerobic conditions. Evolution of CO, by bacterial
isolates can be assessed by Sturm test applied in a modified way. Pre-weighted beads
of LLDPE, HDPE and Polyester were added to a flask containing 5 mL of MSM broth,
and then 1 mL of KOH (1M) was added. This was inoculated with 24 h old culture and
incubated in a rotatory incubator for 25 days. Aerobic conditions were maintained in the
rotatory incubator. After 25 days of incubation, the amount of carbon dioxidegenerated
was calculated in the test and in the control. CO; produced as a result of mineralization
was trapped in a flask containing KOH. Barium chloride solution Bacl2 (1M) was added to
this flask, and as a result barium carbonate precipitates formed. Precipitates were filtered
on filter paper and dried at 50 °C in an oven for an hour. The weight of the precipitates
indicates CO, generation by test organism as their end product [27].

2.6. Surface Modification Analysis of Plastic Beads by Scanning Electron Microscopy

Degraded beads of aromatic polyester, and linear-low density and high-density
polyethylene were set up on an aluminum-disk with a width of 1.2 cm using double
sidedblack colored carbon tape. Sputtering of samples with a thin layer of gold in a vacuum
chamber was performed using argon gas and an electric current of approximately 3 mA.
Then labelled tests pellets were placed sequentially in the scanning electron microscope
chamber and magnification was set to display images at 500 x, 1000 x and 10,000 x with a
TESCAN MERA 3 field emission scanning electron microscope [28].

2.7. Structural Changes in Plastic Beads—Analysisby Fourier Transform Infrared Spectroscopy

The LLDPE, HDPE and Polyester beads treated with isolated bacteria for 40 days
were examined by FTIR. Background noise was eliminated by performing a blank scan in
the frequency range of 4000 to 600 cm~!. Thus, the samples were scanned in the region
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of 400-4000 cm ! at a resolution of 4 cm~!. The resultant spectrum included a plot of
rate transmittance versus wave number, which was additionally investigated against the
respective comparative controls [29].

3. Results
3.1. Isolation and Screening of Bacteria with Potential to Degrade Microplastics of LLDPE, HDPE
and Polyester

In the present study, isolation of effective polyethylene (LLDPE, HDPE) and aromatic
polyester with degrading bacteria from municipal landfill soil was carried out. The dump
sites” soil samples were collected from the historic Daulat gate of the city, Northern By-
pass, Sher-shah Road and Shujabad Road. Morphologically distinct isolates were used to
determine the ability to use plastic as carbon source. The experiments were conducted
over a screening series. Primary screening led to the isolation of 54 bacterial isolates. Out
of 54 isolates, 37 were considered as linear low-density polyethylene degraders (68.5%),
18 isolates were high-density polyethylene degraders (33.3%) and seven isolates were
polyester microfiber degraders (12.9%) as shown in Figure 2. Out of 54 isolates, bacterial
isolates which show distinct growth and zone were streaked on 5% concentration of each
given type of microplastic and observed after the formation of clear zones. Alcaligenes
faecalis (SA-5) shows a zone of clearance with 3 mm for polyester microfibers and 1 mm
for LLDPE. Bacillus cereus (SA-68) shows a 6 mm diameter for LLDPE and a 2 mm for
HDPE. Bacillus spp. (SB-14) shows a 4 mm diameter for LLDPE and a 0.25 mm for polyester
microfibers. Another Bacillus spp. (SC-9) shows a 1.5 mm diameter for HDPE and a 3 mm
for LLDPE microplastics. Streptococcus spp. (SC-56) shows a 5 mm zone diameter for
LLDPE and a 0.5 mm diameter for HDPE microplastics. These five isolates show prominent
zones and were tested further for biodegradation assay.

© @

Figure 2. (a,b) showing growth of bacterial colonies on LLDPE and HDPE with clear zones,

(c,d) showing growth of bacterial isolates on LLDPE and Polyester.
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3.2. Assessment of the Polyethylene (LLDPE and HDPE) and Polyester Deteriorating Bacteria
Based on Weight Loss Percentagein Ex-Situ and Laboratory Conditions

The degradation was determined by calculating the percentage of weight loss in
polyethylene and polyester beads by isolated bacteria after 40 days of incubation. Linear
low-density polyethylene degraded by SA-5 (Alcaligenes faecalis) (MK517568), SA-68 (Bacil-
lus cereus) (MK517567), Bacillus sp. (SB-14 and SC-9) and Streptococcus spp. (SC-56) by 3.5%,
15%, 11.8%, 4.8% and 9.8%, respectively. High density polyethylene was degraded by SA-5
(Alcaligenes faecalis) (MK517568) Bacillus sp. (SB-14 and SC-9) and Streptococcus spp. (SC-56)
by 5.8%, 11.7%, 3.8% and 13.7%, respectively. Polyester was degraded by SA-5 Alcaligenes
faecalis (MK517568), Bacillus sp. (SB-14 and SC-9) by 17.3%, 9.4% and 5.8%, respectively.
Difference between initial and final weight indicates the significant extent of polyethylene
and polyester utilization by the bacteria, as shown in Figure 3. Replicates were used to gain
statistical confidence as standard deviation was used, while control (no bacteria) showed
zero percentage of degradation, and beads were floating in the media. In the treatment
flasks, beads had settled down due to bacterial action.
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REPRESENTATIVE PLASTICS DEGRADED BY BACTERIAL ISOLATES

Figure 3. Significant weight reduction in plastic by bacteria—results shown by potential isolates.

After the biodegradation assay, bacteria were optimized. After 15 days of incubation
with continuous shaking, maximum percentage reduction in weight or percentage loss
in weight (% WL) of the polyester beads was recorded with Bacillus cereus (MK517567)
(29.4 £ 0.05) at 30 °C, as the highest weight loss during the experiment. Alcaligenes faecalis
(SA-5) revealed 6.6% polyester-degradation at 45 °C. Polyester degradation was carried
out at 30 °C as well as at 45 °C by both isolates (SA-5 and SA-68), respectively. In addition,
3.5% high density polyethylene degradation was recorded by Alcaligenes faecalis (SA-5), and
Bacillus cereus (SA-68) showed (6.6 & 0.02) for HDPE. At 30 °C the highest weight loss was
observed by Bacillus cereus (SA-68) for polyester, along with (8.0 £ 0.02) for LLDPE. Bacillus
spp. (SB-14 and SC-9) and Streptococcus sp. did not showvery promising results in changing
environmental conditions. SA-5 and SA-68 were considered as promising degraders and
were identified by sequencing.
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3.3. Determination of Weight Loss in Local Natural Conditions by Consortium

The percentage of weight loss in natural conditions was 4.3 + 0.02, 4.8 £ 0.02 and
2.7 £ 0.02 for LLDPE, HDPE and polyester beads after 90 days of incubation, respectively.
The weight loss percentage of plastics strips was 4.8 &= 0.02 and 4.9 & 0.02 for LLDPE and
HDPE after 90 days of incubation, respectively. At the end of incubation, plastic strips
were easy targets for bacteria compared to beads, and the possible reason for this may
be that bacterial strain utilized the released C compounds from plastic strips during the
degradation. It is suggested that the result with this type of method was observed for the
first time in this region, and will help in the degradation of plastic strips under different
environmental conditions.

3.4. Characterization and Molecular Identification

The morphological characteristics of the bacterial isolates were identified by conven-
tional methods. Gram staining of bacterial isolates show that they are Gram-positive rods
and cocci. Growth on nutrient media with small, circular, flat, white colored, opaque or
translucent colonies with smooth edges was observed on the plates. Biochemical testing
revealed that isolates are catalase, indole and MRVP negative, while positive for starch
hydrolysis. SB-14 gives a yellow butt and red slant with gas production. Based on the 165
rRNA gene sequencing and biochemical characterization, the bacteria isolated from the site
mainly belonged to Bacilli from Bacillus cereus and Alcaligenes. As inferred by 165 rRNA
gene analysis, strain SA-68, showed 99% similarity with corresponding gene sequences
of reference strains Bacillus cereus SBMWI and strain SA-5 showed 100% similarity with
Alcaligenes sp. (KX164437.1), respectively. Phylogenetic trees (Figures 4 and 5) showed that
the strain was clustered on separate branches, with reference strains belonging to respective
genera. The GenBank nucleotide accession numbers were assigned to strain Bacillus cereus
SA-68 is MK517567, respectively. Query sequence was designated as Alcaligenes faecalis
with GenBank accession no. MK517568.

MK346118.1 Bacillus cereus strain PMS1 16S ribosomal RNA gene partial sequence
97 |

I— MK202350.1 Bacillus cereus strain VD-7 16S ribosomal RNA gene partial sequence

80

MK426618.1 Bacillus thuringiensis strain UQPM24 16S ribosomal RNA gene partial sequence

MK517567 Bacillus cereus (querysequence)(2)

MH817405.1 Bacillus sp. (in: Bacteria) strain R367 16S ribosomal RNA gene partial sequence

0.50

MK346121.1 Bacillus cereus strain SBMW1 16S ribosomal RNA gene partial sequence

Figure 4. Neighbor joining tree of Bacillus cereus (MK517567).

3.5. Degradation of Plastic Beads Confirmed by CO, Production in Sturm Test

Carbon dioxide, evolved as a result of deterioration of polyethylene (LLDPE, HDPE)
and polyester by Alcaligenes faecalis (SA-5), Bacillus cereus (SA-68), Bacillus spp. (SB-14
and SC-9) Streptococcus sp. (SC-56), was trapped and compared to the amount evolved
in the case of biotic control under similar conditions. Evolved carbon dioxide calculated
from media inoculated was 0.602 g, 0.427, 0.723, 0.524 and 0.205 g/5 mL CO, g’l of C,
respectively, while the control flask indicated no precipitates.

117



Polymers 2022, 14, 2275

JQ845992.1 Alcaligenes faecalis strain agr/iict/2 16S ribosomal RNA gene partial sequence
48

42 LC213619.1 Alcaligenes faecalis gene for 16S ribosomal RNA partial sequence strain: IMH

MK517568 Alcaligenes faecalis (query sequence)

KT748643.1 Alcaligenes faecalis strain C 9 16S ribosomal RNA gene partial sequence

MK312671.1 Alcaligenes faecalis strain FC2960 16S ribosomal RNA gene partial sequence

60

GQ438851.1 Alcaligenes faecalis strain ZJB-09133 16S ribosomal RNA gene partial sequence

Figure 5. Neighbor joining tree of Alcaligenes faecalis (MK517568).

3.6. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The changes in spectral peaks due to biodegradation were determined using a FTIR
(ATR-alpha Bruker) spectrophotometer. The degradation of linear-low density and high-
density polyethylene and aromatic polyester was confirmed by the changes in spectra
of the FTIR analysis. The pellets without any treatment served as control, and pellets
of LLDPE, HDPE and Polyester treated with isolated Alcaligenes faecalis, Bacillus sp. and
Streptococcus spp. in MSM broth acted as test. In the case of LLDPE, the results of this study
demonstrated that LLDPE pellets showed four peaks in the range from 2900 to 715 cm ™!,
at 2913.92, 2846.83, 1462.50 and 718.05. The vibrational mood of peaks was observed in
comparison with control, and when LLDPE pellets were treated with Alcaligenes faecalis
(SA-5), they showed more vibrational shifts than with Bacillus spp. (SC-9). The first peak
shifted to 2913.83 cm ! which indicates the C-H stretching of the methyl group, the second
peak shifted to 2846.50 cm~! which indicates the C~-H symmetric and asymmetric stretching
of methylene (C-Hy), the third peak shifted to 1462.05 cm ™! which indicates the C=C and
replacement of carbonyl bond with amine bond, and the fourth peak shifted to 718.23 cm ™!
which indicates the -C=C- stretching and the presence of alkene group as shown in Table 1.
For HDPE, the spectral peaks were observed from 2900 to 715 cm~! when treated with
bacterial isolates. The four peaks were observed from control of HDPE at 2913.94 (C-H
stretching—CH3), 2846.58(CH stretching-CHy), 1461.42(bending C-H bond of methylene)
and 718.23 cm~! (C-O). In case of treatments with bacterial isolates, the wave number
of spectral peaks showed shifts up to 2914.37 cm~! which indicates the vibrations in the
stretching of C=C bond seen in alkanes. The second peak showed shifts to 2846.70 cm ™!
which indicates the stretching of C—H bonds in methylene, and the absorbance range of
3000-2800 cm ! corresponds to C-H stretching and the presence of alkanes. The third peak
shifted to 1461.76 cm~! which indicates the -CH} stretching and presence of aromatics,
and the band around it also corresponds to bending deformation. The fourth peak shifted
to 717.82 cm~! which indicates the rocking deformation of bonds. For Polyester, two
treatments were given for SA-5 and SC-9. as both were showed biodegradation for polyester
along with other treatments. The nine spectral peaks were observed in control of polyester
at 2024.83 (C-H), 1709.16 (Carbonyl group), 1409.10 (C=C), 1339.65 (CHs), 1241.02 (Ar-O-R),
1097.75 (C-0), 1017.93 (C-0O), 871.00 (Aromatic ring) and 720.01 cm ™! (Mono-substituted
aromatic ring). With treatment, the peak shifted to 1710.84 cm~! which indicates a change
the carbonyl group’s polyester component and thus the cleavage of the ester bond. The
other peak shifted to 1408.45 cm ! which indicates the decrease in intensity of band leads to
bond cleavage of C=C. The other band shifted to 1340.04 which indicates CH3 symmetrical
bending. The fourth peak shifted to 1238.19 which indicates the asymmetrical bending of
Ar-O-R. The fifth peak shifted t01088.58 which indicates the bond cleavage of C-O, and
1017.93 (control) shifted to 1016.01 which indicates the bond cleavage of C-O. The peak
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871.00 (control) shifted to 870.14 which indicates the aromatic ring bend out of plane and
the peak 720.01 (control) shifted to 719.4 which indicates the stretch of monosubstituted
ring. The first peak, which disappeared after treatment with SA-5, indicates that cleavage
of C-H bond occurred which shows the formation of new intermediate products, as shown
in Figure 6.

Table 1. FTIR peaks corresponding to vibrational moods and functional groups of LLDPE and HDPE.

Spectral Peaks Shift in LLDPE

Peak Number 1 2 3 4
Frequency (cm™1) 2913.83 2846.50 1462.05 718.23
C-H symmetric _ e
Vibrational mood ~ C-H stretching ~ and asymmetric (]?_Clﬁn:t ¢ tr t_il_nc nd
& Functional of methyl stretching of eplacement o Srerching a
Group group methylene carbonyl bond the presence of
(C-H2) with amine bond alkene group
Spectral Peaks Shift in HDPE
Peak Number 1 2 3 4
Frequency (cm™1) 2914.37 2846.70 1461.76 717.82

Vibrational mood stretching of

& Functional stretching of C-Hbonds in —-CH2 stretching ~ C=C- stretching
C=Cbond
Group methylene

. | BROUKER

& <D
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2 £2 3 22 = s
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Figure 6. Spectral peaks of Polyester indicating the comparison of Alcaligenes faecalis (SA-5)
with control.

3.7. Surface Modifications Confirmed by Scanning Electron Microscopic Analysis

In this study, properties were authenticated with SEM and FTIR analysis. Degradation
and morphological changes in polyester, liner-low density and high-density polyethylene
pellets after bacterial treatment were analyzed by scanning electron microscopy. As regards
the length of all samples, degradation was observed due to the roughness of surfaces and
formation of cracks/holes/scions. (Figures 7-9). Bacterial cells attached to surfaces were
also visualized on some tested pellets. Scanning electron micrographs revealed that isolates
cause localized surface deterioration in the plastic pellets, while the outside of untreated
plastics is flawless and smooth even following 40 days of incubation. LLDPE samples’
surface indicates bacterial attachment and bacterial actions on surface as shown at 500,
while HDPE and polyester are shown at 1000 and 10,000 x for better understanding.
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Figure 7. SEM captures of LLDPE beads following 40 days of incubation by isolates. (a) Control,
(b) SA-5 Alcaligenes faecalis treated LLDPE showing bacterial attachment, (c) SA-68 Bacillus cereus
treated LLDPE showing surface cracks, (d) SB-14 treated LLDPE showing surface erosion, (e) SC-56
treated LLDPE showing granules of bacterial action, (f) SC-9 treated LLDPE showing pith and groove.
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Figure 8. SEM captures of HDPE beads following 40 days of incubation by isolates. (a) Control
showing no bacteria present, (b) SA-5 Alcaligenes treated HDPE showing groove, (c) SB-14 treated
HDPE showing bacterial granules, (d) SC-56 treated HDPE showing surface cracks and bacterial
attachment.
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Figure 9. SEM captures of polyester beads following 40 days of incubation by isolates. (a) control-
smooth surface, (b) SA-5 Alcaligenes treated polyester showing piths, (c) SB-14 treated polyester
showing groove, piths and holes.

4. Discussion

Detrimental effects of plastic waste are increasing. Therefore, its elimination from
the earth is fundamental. Among thermic, photooxidative, mechanochemical, and cat-
alytic degradation strategies, biodegradation is considered as the best choice for plastic
waste degradation on account of the minimal effort required and its eco-accommodating
nature [30]. However, detailed characterization of proficient plastic-detiorating microorgan-
isms and microbial compounds should be completed [31]. Different studies demonstrate
the biodegradation of plastics by marine water isolates and rhizosphere samples, but this
study isolated bacteria from municipal landfill sites, as these sites are capable of accommo-
dating bacteria with high potential to degrade plastics and remain stable. The current study
from Multan, Pakistan isolates 54 bacterial isolates with a potential to degrade different
types of microplastics and beads, and to the best of the author’s knowledge no previous
studies have been found om isolation of these bacteria from this region. Therefore, these
indigenously isolated strains can be valuable input for combating plastic pollution waste.
Earlier in 2013 from Islamabad, Pakistan, Shah reported polyester-polyurethane degrading
bacteria [32]. Primary screening results on the growth of isolates along with zones on
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infused media with plastic powder, and repeated screening with 5% concentration, led
to formation of clear zones ranging from 0.25 to 6 mm. Compared to this, in a study
conducted from Iraq the zones ranged from 2.5-3.0 mm on 0.1% LDPE infused MSM, which
implied that the bacterial colonies engendering a clear zone were capable of degrading
polyethylene in minimal media [10]. In the treatment flasks, beads settled down due to
bacterial action.Many studies report that film-type plastics required at least two months
for biodegradation to occur [33], which is a very long time for testing and makes them
unsuitable for identification of new bacterial strains. Alternatively, the surface area of beads
is larger than that of plastic films, and the chance of bacterial attachment increases, which
may speed up the reaction [34]. To test this, we prescribed 40 days of incubation for beads
in liquid media, and both rate of biodegradation and efficiency were improved. The ap-
parent degradation efficiency was assessed by weight loss of beads in MSM, Bacillus cereus
degraded LLDPE by 15%. Alcaligenes faecalis degraded polyester by 17.3% and weight loss
for other types of plastic was also noted as mentioned in the appropriate section. Weight
reduction may have been due to the different metabolism rate of different species. Different
studies have reported that the rate of degradation of polyethylene varied from 1.5 to 13%
as according to different assays and types of microbes [35]. Another study from India also
supports that Bacillus spp. are splastic degraders by using Bacillus amyloliquefaciens as LDPE
degraders [36]. All these studies indicate that these are degraders for specific types of
plastic, but for this study Alcaligenes faecalis and Bacillus cereus showed the potential to
degrade more than asingle type of plastic. Weight reduction was also optimized at different
environmental conditions in the laboratory and outside, in which Bacillus cereus (SA-68)
showed maximum tolerance and degraded polyester by 29% weight loss after 15 days of
incubation. In another study, optimization of growth media was carried out in which pH
of the media containing HDPE gradually decreased after 90 days of incubation from 7.3
to 5% [37]. We optimized bacteria for their growth and potential ability to degrade plastic
in different environmental conditions, although different studies use Alcaligenes faecalis,
Bacillus spp. and Streptomyces spp. as potential degraders. In another study, Alcaligenes
faecalis was isolated from PET-treated soil and confirmed as plastic degrader by FTIR analy-
sis [38]. Another study from Iraq used Streptomyces spp. as source for pollution control,
but suggested it was best as an LDPE degrader isolated from soil [39]. More than these
studies, the effectiveness of degradation noticed in this study was comparable to that of
LDPE film degraded by mixed microbial cultures of Bacillus sp. and Paenibacillus sp., in
which both bacteria together exhibit at 15% the highest degradation efficiency [36]. Studies
have described that plastics can be degraded into monomers, and then these monomers
are converted into CO, and water. To test this, a Sturm test was performed with a mod-
ified procedure. In another study, the process used involved titration with thiosulphate
and sodium hydroxide in the presence of barium chloride and KOH. The highest rate of
evolution for LDPE was 6.28 g/L and the lowest was 1.19 g/L [27]. Compared to this, the
present study involves 0.723/5 mL noted previously. Curiously, the surfaces of pellets
were seen to have become uneven and filled with cracks and groovesl [10]. After thor-
ough observations in different studies, it has been demonstrated that microorganisms can
change not only appearance but functional groups and other characteristics [40]. In this
study, these properties were authenticated by SEM and FTIR analysis. Previous studies
utilized SEM micrographs as an analytical tool to demonstrate erosions, cavities, and pores
formed on plastic films in order to indicate the extent of colonization and degradation [41].
Curiously, authors describe the surfaces of pellets as een to have become uneven and filled
with cracks and grooves [10]. Other studies also confirmed degradation by formation of
biofilm on the plastic surface. In the study conducted in 2014 on LDPE degradation by
Bacillus amyloliquefaciens isolated from municipal solid, SEM analysis revealed that both
the strainsexhibited adherence and growth with LDPE, used as a sole carbon source [36].
Another study that used a photocatalytic technique for deterioration of polystyrene also
indicates that cavities/holes increased in size after the treatment [42]. In the present study
it was also observed that cavities or holes were produced in pellets. SEM analysis revealed
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surface erosion and bacterial adhesion by giving proof of the deterioration of the plastic
beads because of the activity of the bacteria, and ensured the degradation capability of
the bacteria. In addition to these analyses, isolated strains efficiently degrade beads and
microplastics of various categories of plastic. Hence, the difference in biodegradation rate
between LLDPE, HDPE and polyester may be due to the presence of specific enzymes or
concentrations of different enzymes required for kinds of different plastic degradation. This
demonstrates that, during growth of bacteria, there may be different metabolism rates and
uptake of energy from plastic as a source of carbon [34]. PE microplastics can be categorized
into HDPE and LDPE. Enzyme based degradation is divided into two steps, extracellular
and intracellular. In the first step, LDPE is broken down into shorter chains and in the
next is step followed by mineralization into CO, and H,O as described in the Sturm test.
Laccase and Alkane showed that the reaction in polyethylene belong to that of the AlkB
family of enzymes, while Laccase is the most commonly reported enzyme responsible for
HDPE degradation, and alkane hydrolase for LDPE degradation [13,43]. Other studies also
confirmed that manganese peroxidase and laccase enzymes produced by Bacillus cereus
were involved in the degradation of low-density polyethylene after an incubation of nine
weeks followed by confirmation by FTIR [41]. Another study explained that Alcaligenes
faecalis produced extracellular enzymes such as CMCase, protease, xylanase and lipase,
which indicates that the surface of the plastic was attacked by these enzymes after SEM and
FTIR analysis [44]. Montazer et al. explain that these secreted bacterial enzymes followed
the formation of monomers by the (3-oxidation system pathway [45].Spectral changes indi-
cate the changes in formation of new bands at 1460, 600-700 cm™L. Our observations are
similar to a previous report in which bands at 2900, 720, 1460 cm ! indicated the rocking
deformation and stretching of bonds [46]. Another study also explains the degradation of
Polyester and observed FTIR peaks, and functional groups observed were similar to the
present study as CO (2230-2050 cm '), aliphatic compounds (31402640 cm '), carbonyl
compounds (1900-1680 cm 1) and alkene (940-850 cm 1) are identified [47]. In another
study, it was observed through FTIR that addition of -OH group to LDPE backbone was
due to the activity of bacteria producing enzymes for degradation of plastic [48]. In this
study, observations were made which indicate that cleavage in the carbonyl group also
suggests plastic degradation. In addition to these analyses, isolated strains efficiently
degrade beads and microplastics of various categories of plastic.

5. Conclusions

The current investigation demonstrated the degradation of three types of plastic by
soil bacteria isolated from municipal landfill sites. Among 54 isolates, Alcaligenes faecalis
acted as most the promising candidate, but Bacillus spp. and Streptococcus sp. performed
successful degradation, with stability. Bacterial attachment and formation of cracks were
well observed via scanning electron microscope. The methods developed may help in
future to screen and identify new bacterial strains that have the capability of degrading
more than single type of plastic.
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Abbreviations
LLDPE Linear low-density polyethylene
HDPE  High-density polyethylene

SEM Scanning Electron Microscope
FTIR Fourier Transform Infrared Spectroscopy
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Abstract: Polyhydroxyalkanoates (PHA) are biopolymers with potential to replace conventional
oil-based plastics. However, PHA high production costs limit their scope of commercial applica-
tions. Downstream processing is currently the major cost factor for PHA production but one of
the least investigated aspects of the PHA production chain. In this study, the extraction of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) produced at pilot scale by a mixed microbial culture was
performed using sodium hydroxide (NaOH) or sodium hypochlorite (NaClO) as digestion agents of
non-PHA cellular mass. Optimal conditions for digestion with NaOH (0.3 M, 4.8 h) and NaClO (9.0%,
3.4 h) resulted in polymers with a PHA purity and recovery of ca. 100%, in the case of the former
and ca. 99% and 90%, respectively, in the case of the latter. These methods presented higher PHA
recoveries than extraction by soxhlet with chloroform, the benchmark protocol for PHA extraction.
The polymers extracted by the three methods presented similar PHA purities, molecular weights
and polydispersity indices. Using the optimized conditions for NaOH and NaClO digestions, this
study analyzed the effect of the initial intracellular PHA content (40-70%), biomass concentration
(20-100 g/L) and biomass pre-treatment (fresh vs. dried vs. lyophilized) on the performance of PHA
extraction by these two methods.

Keywords: PHA extraction; chemical digestion; design of experiments; polymer properties

1. Introduction

Polyhydroxyalkanoates (PHA) are biodegradable and biobased polymers produced
by bacterial fermentation. PHA accumulate intracellularly as water insoluble inclusion
bodies that function as carbon and energy storage [1-3], The replacement of conventional
oil-based plastics by PHA in various segments has been thoroughly discussed due to
their similar thermo-physical properties, with PHA offering environmentally friendly
advantages, such as biocompatibility, biodegradability and compostability [1,4]. PHA
production costs, however, are currently higher than those for oil-derived plastics (EUR
1.18-6.12/kg vs. <EUR 1/kg), which limits their potential to niche-market high value
applications [1]. Continuous efforts have been made to reduce PHA production costs
by applying mixed microbial cultures (MMC) and waste streams as carbon source for
PHA production, as an alternative to pure cultures and the required sterile conditions and
expensive substrates. Hence, PHA downstream processing is now the most economically
impacting factor in the PHA production chain [1,4].
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The best established and most commonly used methods for PHA recovery employ
halogenated solvents, such as chloroform. Although these methods often generate superior
recovery yields and product purity values, they are environmentally harmful, make use of
large volumes of noxious solvents and require excessive energy input, making the recovery
process unsustainable and economically unfeasible [4,5]. Thus, research has been leaning
toward the development of more environmentally friendly approaches for the extraction
and purification of PHA [4].

The use of alkaline compounds, such as sodium hydroxide (NaOH), can be a valid,
cost-effective and green alternative to chlorinated compounds for the extraction of PHA [2].
Furthermore, alkaline treatment for PHA recovery has been considered more economically
feasible when compared to an organic solvent-based process [6]. Hydroxides cause saponi-
fication of the lipids present in the cell wall of the microorganism, leading to increased
membrane permeability and release of proteins and non-PHA cell material [7].

Mohammadi et al. (2012) [8] used NaOH to recover PHA (poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate), PHBHHX) from lyophilized recombinant Cupriavidus necator (PHA
content of ca. 38.3%), having tested different NaOH concentrations, digestion times and
reaction temperatures. The authors obtained over 96% of PHA recovery and purity by
treating lyophilized cells with 0.05 M NaOH at 4 °C for 3 h. The fact that this efficient,
simple, non-toxic and environmentally friendly treatment resulted in negligible degradation
of the polymer molecular weight (Mw) supports the utilization of alkaline-based methods
as an alternative to organic solvents for PHA recovery. Jiang et al. (2015) [3] assessed the
feasibility of using NaOH for the extraction and purification of PHA (polyhydroxybutyrate,
PHB) from MMC (PHA content of ca. 70%) fed with acetate and compared the results with
those obtained from extraction with dichloromethane. These authors verified that the PHA
purity in the final product increased when both NaOH concentration and treatment time
increased, though PHA recovery decreased in both situations. Applying NaOH at 0.20 M
to fresh biomass for 1 h, the authors obtained a PHA purity of 87% and a PHA recovery of
97%. When treatment time was increased to 3 h, PHA purity increased to 92% and PHA
recovery was reduced to 94%. The comparison between the results of these alkaline-based
methods and the ones obtained with extraction by dichloromethane, 98% of PHA purity
and 56% of PHA recovery, suggests that PHA extraction with NaOH might be a viable
alternative to extraction with organic solvents.

With the purpose of developing a low-cost extraction method with high PHA recovery
to achieve a cost-effective polymer production, Heinrich et al. (2012) [9] studied a simplified
method for PHA extraction at large scale from cells of Ralstonia eutropha H16 (now reclassi-
fied as Cupriavidus necator), cultivated with a synthetic carbon/magnesium solution, using
sodium hypochlorite (NaClO, 13%, v/v). NaClO is a strong oxidizing chemical that dis-
solves non-PHA cellular mass (NPCM), while PHA granules remain in the solid form [10].
Very high purities have been reported for PHA extraction with NaClO, but as PHA is
not completely insoluble in NaClO, the often-associated decrease in polymer molecular
weight after extraction has caused concern when dealing with this chemical [9-12]. In the
study by Heinrich et al. (2012) [9], PHA with an average purity of 93% was extracted with
a maximum recovery of 87% when the largest extraction volume tested, 50 L, was used.
Nevertheless, treatment with NaClO led to a 50-70% decrease in the polymer molecular
weight and higher dispersity of the polymer. Villano et al. (2014) [11] recovered PHA
(poly(3-hydroxybutyrate-co-3-hydroxyvalerate), PHBV) from fresh MMC, produced us-
ing a synthetic mixture of acetic and propionic acids, by operating an extraction reactor
using two digestion agents: NaOH (1 M) and NaClO (5% active Cl,). In the study by
Villano et al. (2014) [11], PHA extraction displayed greater performance when NaClO was
used for the digestion of NPCM, as opposed to NaOH, both in terms of polymer recovery
(ca. 100%, w/w) and purity (>90%, w/w). The results showed, however, a wide polymer
molecular weight distribution, which might be detrimental to the application of the process.
Furthermore, treatments using NaClO may be hazardous and not viable for large-scale
application due to the risk of formation of toxic halogenated compounds [5].
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Until now, most PHA extraction studies have used either pure cultures or MMC
produced with synthetic substrates [1]. The present study focused on the optimization of
PHA (PHBV) extraction from a MMC (ca. 70% PHA) produced at pilot scale with fruit pulp
waste by NPCM digestion with either NaOH or NaClO. Optimization was performed using
lyophilized biomass at a set concentration (20 g/L) through a central composite rotatable
design (CCRD), a response surface methodology (RSM) design that efficiently seeks the
optimum conditions for a multivariate system. RSM involves performing statistically
designed experiments, coefficients estimation in mathematical models and response pre-
diction and model accuracy testing [13]. Central composite design, in particular, has been
often used for the optimization of conditions from various processes, including chemical
and biochemical reactions [14]. In the current study, CCRD was used to determine different
combinations of reagent concentration and digestion time to be tested and also to predict
the conditions that maximize both PHA purity and recovery. This study also assessed the
impact of intracellular PHA content, biomass pre-treatment and biomass concentration
on PHA extraction performance and polymer characteristics, including molecular weight,
thermal properties and infrared spectra.

2. Materials and Methods
2.1. Biomass Samples

Four different biomass samples containing the polymer poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) were used in the PHA extraction trials, and all were produced in
a three-stage process pilot unit plant operated at room temperature. This unit consisted
of an acidogenic fermentation stage, performed in an upflow anaerobic sludge blanket
(UASB) reactor with a working volume of 60 L; a culture selection stage, performed in a
100 L sequencing batch reactor (SBR) operating under a feast and famine regime; and a
PHA accumulation stage, performed in a 60 L fed-batch reactor. The UASB reactor, the SBR
and the fed-batch reactor were designed inhouse. Fruit pulp waste was used as feedstock
for this production.

The PHA accumulation process was performed with biomass purged from the culture
selection SBR and a volatile fatty acid (VFA)-rich stream derived from the UASB. The
accumulation reactor worked in pulse feeding mode under nutrient limitation. After
accumulation, the different PHA-enriched biomasses were acidified with sulfuric acid
(Sigma-Aldrich, Sigma-Aldrich, Burlington, MA, USA), centrifuged and stored at 4 °C
before lyophilization.

Biomass A was collected at the end of a PHA accumulation process and had an
intracellular PHA content of ca. 70% (31% of 3-hydroxyvalerate, 3HV). This sample was
used for the PHA extraction optimization tests and to study the impact of the biomass
concentration on the PHA extraction performance. Biomasses B and C were collected at
distinct times of a second PHA accumulation process, namely after the first and second
feed pulses, and had PHA contents of ca. 35-41% (18% 3HV) and ca. 44-52% (18% 3HV),
respectively. Biomass D was collected at the end of a third PHA accumulation and presented
a PHA content of ca. 73% (21% 3HV). Biomasses B, C and D were used to study the effect
of the intracellular PHA content on PHA extraction. Additionally, to study the effect of
biomass pre-treatment on PHA extraction, trials were performed using biomass C, not only
lyophilized but also in its fresh state (i.e., only subjected to acidification and centrifugation)
and in its dry state (i.e., subjected to acidification, centrifugation and drying at 60 °C for
3.5 days).

2.2. PHA Extraction

For the determination of the optimal conditions for PHA extraction from lyophilized
PHA-enriched biomass using NaOH (97%, Sigma-Aldrich, Burlington, MA, USA) or NaClO
(10-15% active Clp, Acros Organic, Geel, Belgium), biomass was mixed at 20 g/L in 50 mL
tubes with 20 mL of NaOH or NaClO solutions, according to the conditions determined
by the experimental design (see Section 2.4), and incubated at 200 rpm and 30 °C. After
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incubation with NaOH, the suspension was centrifuged at 9300x g for 10 min at 20 °C,
the resulting pellet was washed with 40 mL of water and then frozen and lyophilized for
48 h. Regarding digestion with NaClO, 20 mL of water were added to the suspension after
incubation and before the first centrifugation to enhance the solid-liquid separation. After-
ward, the processing of the pellet was the same as previously described for suspensions,
including NaOH. For comparison purposes, conventional PHA extraction with chloroform
was performed. In this method, 10 g of lyophilized biomass were subjected to Soxhlet
extraction with chloroform (99.5% Sigma-Aldrich, Burlington, MA, USA) at 80 °C over 48 h,
followed by precipitation in ice-cold ethanol (EtOH; 1:10 v/v, Fisher Chemical, Waltham,
MA, USA), as described by Pereira et al. (2019) [15].

To assess the effect of biomass pre-treatment on PHA extraction performance,
lyophilized, fresh and dry biomasses were mixed at 20 g/L in 50 mL tubes with 20 mL of
NaOH or NaClO solutions, using the respective determined optimal conditions, and incu-
bated at 200 rpm and 30 °C. The same experimental conditions were applied to lyophilized
biomass with different intracellular PHA contents (biomasses B, C and D) and to lyophilized
biomass with the same PHA content (biomass A) but at biomass concentrations of 20, 40, 60,
80 and 100 g/L to analyze the effect of intracellular PHA content and biomass concentration
on PHA extraction performance. The processing of the resulting extraction products for
both studies followed as described in the first paragraph of the present section.

2.3. PHA Content and Composition

PHA content and its composition in biomass and in extraction products were deter-
mined by gas chromatography (GC, Trace 1300, Thermo Scientific, Waltham, MA, USA),
following a methanolysis method based on the one described by Cruz et al. (2016) [16].
Summarily, the lyophilized samples (1 to 2 mg) were hydrolyzed with 1 mL of 20% (v/v)
sulfuric acid (Sigma-Aldrich, HPLC grade, Burlington, MA, USA) in methanol (Fisher
Chemical, HPLC grade, Waltham, MA USA) and 1 mL of chloroform (Sigma-Aldrich,
HPLC grade, Burlington, MA, USA), including heptadecanoate (HD) at 1 g/L, to function
as internal standard. The reaction occurred at 100 °C over 3.5 h. The obtained methyl
esters were analyzed in a Restek column (Crossbond, Stabilwax, Bellefonte, PA, USA) at a
constant pressure of 14.50 Psi, using helium (Air Liquid, Paris, France) as the carrier gas.
The oven temperature program was set as follows: 20 °C/min until 100 °C; 3 °C/min until
155 °C; 20 °C/min until 220 °C.

Commercial PHBV (Sigma-Aldrich, 88 mol% 3HB, 12 mol% 3HYV, Burlington, MA,
USA) was used as standard for the construction of calibration curves that allowed the
determination of the mass of both 3HB and 3HV in each sample. The PHA content values
were obtained by dividing the mass of PHA (mass of 3HB + mass of 3HV) in each sample
by the mass of lyophilized total solids (TS) used for GC analysis, according to Equation (1):

x 100 1)

PHA Content <%, mg> _ PHA

mg) TS
To calculate the PHA recovery yield according to Equation (2), it was necessary to

determine the PHA mass of both the final extraction product and of the biomass from

which the extraction product was obtained (PHA g, and PHA 1101, respectively).

mg > PHAfinal

= —————— x 100 2
mg ) = PHA g @)

Recovery (%,

2.4. Experimental Design and Statistical Validation

RSM was used to assess the optimal conditions for PHA extraction using digestion
with either NaOH or NaClO. CCRD was performed to analyze the impact and interaction
between the experimental variables (X;), reagent concentration (M for NaOH and % for
NaClO) and digestion time (h), and the observed responses, PHA purity (%) and PHA
recovery (%). The design applied consisted of nine experiments performed randomly: four
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factorial design points at levels £1; four experiments of axial level & = £1.414; and a central
point with three replicates. The experimental values for the two independent variables
were established according to the literature [3,6,8,9,11,12,17-21]. The experimental tests for
optimization of PHA extraction with NaOH and NaClO were performed as described in
Table 1.

Table 1. Experimental conditions for the digestion of non-PHA cellular mass (NPCM) with NaOH or
NaClO, obtained using a central composite rotatable design (CCRD) of experiments, with reagent
concentration (M and % for NaOH and NaClO, respectively) and digestion time (h; tgigestion-NaOH
and tgigestion-Naclo for digestion with NaOH and NaClO, respectively) as independent variables.

Test NaOH (M) tdigestion-NaOH (h) NaClO (%) tdigestion-NaClO (h)
1 0.14 0.80 1.90 0.60
2 0.84 0.80 11.10 0.60
3 0.14 4.30 1.90 3.00
4 0.84 4.30 11.10 3.00
5 0.49 2.55 6.50 1.80
6 0.49 2.55 6.50 1.80
7 0.49 2.55 6.50 1.80
8 0.00 2.55 0.00 1.80
9 0.98 2.55 13.00 1.80
10 0.49 0.08 6.50 0.10
11 0.49 5.02 6.50 3.50

The experimental data were fitted to the second-order model presented in Equation (3)
to evaluate the system’s behavior.

Yp = by +b1Xq +baXa + b11 X3 + bpX3 + b1 X1 Xo 3)

In Equation (3), Y}, corresponds to the predicted responses, and X; and X; are the
coded values of the independent variables, namely reagent concentration and digestion
time. by, b;, bj, bi]- (i,j =1, 2) are the coefficient estimates, by being the interception, b; and
by the linear terms, by; and by, the quadratic terms, and the by, the interaction term. A
statistical analysis was performed to evaluate the significance of each source of variation
and select an appropriate quadratic model.

Analysis of variance (ANOVA) was used to assess the fit of each model, which was
considered an accurate prediction tool when it met the following criteria: a good cor-
relation value (R? > 0.7, acceptable for biological samples [22]) with statistical meaning
(p-value < 0.05, for a 95% confidence level) and with no lack of fit (p-value > 0.05, for 95%
confidence level) [23]. Statistics and surface plots analysis provided information on the
effect of reagent (NaOH or NaClO) concentration and digestion time on PHA purity and
PHA recovery.

2.5. PHA Infrared Spectra

Fourier transform infrared (FTIR) spectra of the extracted PHA were collected between
400 and 4000 cm ™!, at room temperature, using a Cary 630 FTIR spectrometer (Agilent
Technologies, Santa Clara, CA, USA) with a thermoelectrically cooled dTGS detector and
KBr standard beam splitter and equipped with a diamond attenuated total reflectance
(ATR) accessory. All spectra were recorded via the ATR method, with a resolution of 1 cm !
and 16 scans.

2.6. PHA Molecular Mass Distribution

The weight average molecular weight (Mw), number average molecular weight (Mn)
and polydispersity index (Mw/Mn; PDI) of the extracted PHA were determined by size
exclusion chromatography (SEC). For this analysis, 15 mg of each sample was first dis-
solved in 3 mL of chloroform at room temperature for 18 h. Then, the resultant solutions
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were filtered with glass fiber filters 47 mm (PALL, Port Washington, NY, USA) and ana-
lyzed by a Waters SEC system (Milford, MA, USA), with support SEC: PLgel 5 um Guard,
50 x 7.5 mm; PLgel 5 um 104 A, 300 x 7.5 mm; PLgel 5 pm 500 A, 300 x 7.5 mm (Polymer
Laboratories, Church Stretton, UK). A temperature of equilibration of 30 °C was used,
along with a flow rate of 1 mL/min, with degassing, and chloroform as the mobile phase.
An amount of 100 uL of each sample was injected in the SEC circuit. The refractive index
detector Waters 2410 was used for polymer detection, using the sensitivity 512 and a collect
duration of 25 min. Relative molecular weights of the polymers were determined accord-
ing to the universal calibration method adopting polystyrene standards with molecular
weights between 800 Da and 504.5 kDa, and using Waters Millenium SEC software (Milford,
MA, USA).

2.7. PHA Thermal Properties

Differential scanning calorimetry (DSC) analysis was used to probe the thermal prop-
erties of the extracted PHA. This analysis was performed using a differential scanning
calorimeter DSC Q2000 (TA Instruments, New Castle, DE, USA). Each sample (approxi-
mately 4 mg) was placed in a sealed aluminum pan, perforated to allow water/solvents re-
lease. Thermograms were collected in a range of temperatures between —90 °C and 160 °C,
with heating and cooling steps of 10 °C/min under a nitrogen atmosphere. Two cool-
ing/heating cycles were performed for each sample. The glass transition temperature
(Tg, °C) and the melting temperature (T, °C) were determined as the midpoint of the heat
flux step and at the minimum of the endothermic peak, respectively, of the second heating
run, due to water or solvent evaporation occurring during the first heating.

3. Results
3.1. Effects of Reagent Concentration and Digestion Time on PHA Extraction with NaOH/NaCIO:
Analysis of PHA Purity and Recovery

With the aim of obtaining the optimal conditions for PHA extraction through NPCM
digestion with NaOH or NaClO, a CCRD with reagent concentration and digestion time
as independent variables was used to study the PHA purity and PHA recovery of the
extraction products. The results from subjecting biomass A (see Section 2.1), lyophilized
biomass with ca. 70% of intracellular PHA content, to different digestion conditions with
NaOH and NaClO are presented in Figure 1a,b, respectively.

Regarding PHA extraction with NaOH (Figure 1a), the highest PHA purity, 93.28 £ 4.10%,
was obtained when the biomass was treated with NaOH at 0.84 M for 4.30 h, and a complete
PHA recovery was attained when treatment with NaOH at 0.49 M for 0.08 h was applied.
Considering Figure 1b, the final product with the highest PHA purity was obtained, with
complete PHA recovery, when the biomass was digested with NaClO at 6.50% for 3.50 h.

ANOVA analysis was used for the two responses (PHA purity and PHA recovery)
obtained after digestion with either NaOH or NaClO, and the results are presented in
Tables 2 and 3, respectively.

Table 2. Analysis of variance (ANOVA) of the central composite design applied to PHA extraction
through NPCM digestion by NaOH: significance levels (p-values) of model and lack of fit, and
correlation values (R?) for the responses studied, namely PHA purity and PHA recovery.

Model p-Value Lack of Fit p-Value R?
PHA Purity 0.00 0.98 0.82
PHA Recovery 0.00 0.65 0.93
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Figure 1. Results of PHA extraction using NaOH (a) and NaClO (b) for each pair of reagent concen-
tration (a) M for NaOH; (b) % for NaClO and digestion time (h) tested. The results are expressed in
PHA purity (%), PHA recovery (%), normalized mass of PHA (g) and normalized mass of impurities
(g). Biomass A corresponds to the starting biomass with intracellular PHA prior to extraction. The
results of the conventional PHA extraction with chloroform (extraction with chloroform in soxhlet,
followed by purification in ethanol (EtOH)) are also displayed as “Soxhlet w/CHCI; + EtOH".

Table 3. Analysis of variance (ANOVA) of the central composite design applied to PHA extraction
through NPCM digestion by NaClO: significance levels (p-values) of model and lack of fit, and
correlation values (R?) for the responses studied, namely PHA purity and PHA recovery.

Model p-Value Lack of Fit p-Value R?
PHA Purity 0.00 0.06 0.89
PHA Recovery 0.00 0.29 0.80

Tables 2 and 3 demonstrate R? values greater than 0.7 for PHA purity and PHA re-
covery obtained after digestion with NaOH and NaClO, respectively. Thus, according to
Lundstedt et al. (1998) [22], the second-order model showed an adequate fit for the consid-
ered responses. Furthermore, the model and lack of fit p-values presented in Tables 2 and 3
demonstrate that the second-order model had significance (p < 0.05) for all responses and
no evidence of lack of fit (p > 0.05).

133



Polymers 2022, 14, 2155

3.2. Optimal Reagent Concentration and Digestion Time for PHA Extraction with NaOH
and NaClO

Multiple linear regression (MLR) analysis of the models developed for PHA extraction
using NaOH (Table 4) or NaClO (Table 5) provided information regarding the linear,
quadratic and interaction effects of NaOH/NaClO concentration and digestion time on
PHA purity and PHA recovery.

Table 4. Multiple linear regression (MLR) analysis of the polynomial models obtained for PHA
extraction through NPCM digestion by NaOH: constants and p-values for linear, quadratic and
interaction effects of NaOH concentration ([NaOH]) and digestion time (t) for the studied responses,
PHA purity and PHA recovery.

Linear Quadratic Interaction
Effect Constant [NaOH] (X)) ( th) [1\[11:(;(1?11]{(];;2) (tx>;2t) [N?)(()lﬁi)x t
PH‘?YIi;‘rity ~1.134 0.012 0.064 0.020 0.061 0.008
p-Value 7.572 x 10718 0.387 8.621 x 107 0.226 7.859 x 1074 0.619
PHA g{’zc)o"ery 89.921 ~3.535 ~1.104 0.479 1.887 ~1.985
p-Value 6.367 x 10724 2.742 x 1077 0.003 0.284 2.332 x 1074 2.552 x 1074
Table 5. Multiple linear regression (MLR) analysis of the polynomial models obtained for PHA
extraction through NPCM digestion by NaClO: constants and p-values for linear, quadratic and
interaction effects of NaClO concentration ([NaClO]) and digestion time (t) for the studied responses,
PHA purity and PHA recovery.
Linear Quadratic Interaction
Effect Constant [NaCIO] (Xy) ( th) [lflljélccl)(])(]sz) (tszt) [N;:%()?z])x t
PH[?Yl?)Hity 100.659 7.572 1.367 —6.079 1.686 2.258
p-Value 6.988 x 10~% 6.672 x 1077 0.119 1.035 x 10~° 0.079 0.100
PHA (I;ezc)o"ery 97.929 2.188 0.728 ~2.19 1.202 1.267
p-Value 5.869 x 10-2 8.157 x 1074 0.160 0.002 0.041 0.088

Regarding PHA extraction by NaOH digestion, Table 4 shows that PHA purity was
affected primarily by the linear and quadratic terms of digestion time (p < 0.05). In terms
of PHA recovery, this was mainly influenced by the linear terms of NaOH concentration
and digestion time, the quadratic terms of digestion time and also the term of interaction
between NaOH concentration and digestion time.

Table 5 shows that in PHA extraction through NaClO digestion, PHA purity was
mostly impacted by the linear and quadratic terms of NaClO concentration. As for PHA
recovery in this process, this was mainly impacted by the linear and quadratic terms of
NaClO concentration, as well as the quadratic term of digestion time.

The prediction plots and the 3D surface plots regarding the PHA purity and PHA re-
covery models for PHA extraction with NaOH and NaClO are presented in Figures 2 and 3,
respectively.

134



Polymers 2022, 14, 2155

G2+

a4

T T T T T
8 3 3.2 34

6 38 4

—_————————
0.2 025 03 035 04 045 035 055 0.6 065 07 075 08
NaOH [M]

1 121416 18 2 22 24 26 2

Time [h]
(a)
PHA Purity (%)

= PHA Purity (%)
= PHA Recovery (%)

T T T T
015 0.8 3 4.2

NaOH (M) - Time (h)

NaOH (M) g "~ Time (h)

(b)

Figure 2. Prediction plots (a) and 3D surface plots (b) for the models developed for the prediction of
PHA purity and PHA recovery considering NaOH concentration and digestion time as independent
variables. These models were developed using the experimental PHA purity and PHA recovery
values obtained in the CCRD tests for PHA extraction with NaOH.
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Figure 3. Prediction plots (a) and 3D surface plots (b) for the models developed for the prediction of
PHA purity and PHA recovery considering NaClO concentration and digestion time as independent
variables. These models were developed using the experimental PHA purity and PHA recovery
values obtained in the CCRD tests for PHA extraction with NaClO.
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Considering Figure 2a, the developed models suggest that PHA purity slightly in-
creases with the increase in NaOH concentration, while PHA recovery substantially de-
creases. Concerning the effect of the digestion time, PHA content is expected to increase
when the reaction time increases, while PHA recovery will tend to decrease.

Observing Figure 2b, it is possible to assess that PHA content should be maximized
when biomass is treated with NaOH at a concentration of about 0.8 M and a digestion time
of around 4 h. On the other hand, PHA recovery should be highest when NaOH is used at
a concentration of ca. 0.2 M and when the digestion has a duration of about 4 h.

Considering the developed models, the conditions that should maximize both the
PHA purity and the PHA recovery of the final product obtained by PHA extraction with
NaOH were estimated at 0.3 M for concentration and 4.8 h for digestion time.

Figure 3a shows that according to the predictive models, PHA content and PHA
recovery tend to rise with the increase in NaClO concentration, the increase in PHA purity
being greater than the one observed for PHA recovery. In terms of digestion time, both the
PHA purity and the PHA recovery are expected to improve as the digestion time increases.

Figure 3b shows that when applying digestion with NaClO, the PHA content of the
final product is maximized when NaClO is at a concentration between 8% and 11% and
when digestion lasts between approximately 2.7 h and 3 h. Regarding PHA recovery, this
parameter should be greatest when the biomass is treated with NaClO at a concentration
between 8% and 11% for about 2.8-3 h.

Considering the developed models, the conditions that maximize the PHA content
and the PHA recovery of the final product obtained by PHA extraction with NaClO were
estimated to be a concentration of 9.0% and a digestion time of 3.4 h.

Figure 4 shows the results of PHA extraction using the found optimal conditions for
NaOH and NaClO digestions, as well as using the benchmark protocol (soxhlet extraction
with chloroform followed by precipitation in cold ethanol) for comparison purposes. Diges-
tion with NaClO resulted in a product with a PHA purity of 99.4 & 4.2%, having recovered
89.9 & 4.8% of the existing polymer. Treatment with NaOH, under the optimal conditions,
recovered 102.9 = 7.9% of the existing polymer, and the extracted product presented a PHA
purity of 101.7 &= 7.6%. On the other hand, soxhlet extraction with chloroform followed by
precipitation in ethanol recovered 81.7 & 6.3% of the polymer and originated a product with
95.1 £ 7.3% of PHA. These results show that treatment with NaClO may have caused some
polymer degradation, as it resulted in a lower PHA recovery than digestion with NaOH.
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Figure 4. Results of PHA extraction using the optimal conditions for digestion with NaClO (9.0%,
3.4 h) or with NaOH (0.3 M, 4.8 h). The results are expressed in PHA purity (%), PHA recovery (%),
normalized mass of PHA (g) and normalized mass of impurities (g). Biomass A corresponds to the
starting biomass with intracellular PHA prior to extraction. The results of the conventional PHA
extraction with chloroform (extraction with chloroform in soxhlet, followed by purification in ethanol
(EtOH)) are also displayed as “Soxhlet w/CHCl; + EtOH”.
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The PHA extraction results presented in Figure 4 suggest that NaOH treatment using
the optimal conditions, 0.3 M for 4.8 h, can efficiently extract the polymer from the PHA-
enriched biomass used in the present study.

3.3. Effect of the Initial Intracellular PHA Content on the PHA Extraction Performance

Studies have shown that the initial PHA content of biomass wields a great influence
on the performance of the PHA extraction process [5,24]. It has been estimated that for
a PHA extraction process to be cost efficient, the biomass should present a PHA content
of over 60%, since when it is under this value, serious complications in the separation
process could potentially occur [5,25,26]. To assess the influence of the biomass intracellular
PHA content on the performance of the developed PHA extraction methods, three biomass
samples produced at pilot scale with the same substrate (fruit pulp waste) but with varying
intracellular PHA contents, namely 41%, 52% and 73%, i.e., biomasses B, C and D (see
Section 2.1), were subjected to the previously determined optimal conditions for NPCM
digestion with NaOH (0.3 M and 4.8 h) and NaClO (9.0% and 3.4 h). The results of these
PHA extraction tests are presented in Figure 5.
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Figure 5. Results of PHA extraction from MMC biomass samples with intracellular PHA contents of
41%, 52% and 73% using the optimal conditions for digestion with either NaOH (0.3 M for 4.8 h) or
NaClO (9.0% for 3.4 h). Biomass B, biomass C and biomass D correspond to the starting biomasses
with intracellular PHA prior to extraction. Product B, product C and product D correspond to the
products extracted from biomasses B, C and D, respectively. The results are expressed in PHA purity
(%), PHA recovery (%), normalized mass of PHA (g) and normalized mass of impurities (g).

The results in Figure 5 are in accordance with the literature, as they present a clear
influence of the initial intracellular PHA content on the polymer extraction performance.
Figure 5 shows that the PHA purity of the extraction products increases with the increase
in the initial intracellular PHA content of the biomass, irrespective of the digestion agent
applied. Yet, an extraction product without impurities was only obtained when applying
the optimal NaClO digestion conditions to the sample with the highest intracellular PHA
content tested (73%; biomass D). These results confirm previous findings and allow us to
conclude that the more enriched in PHA the biomass is, the purer the extracted polymer
will be, translating into greater process efficiency.

3.4. Effect of Biomass Pre-Treatment on PHA Extraction Performance

To study the effect of biomass pre-treatment on PHA extraction by NPCM diges-
tion with either NaOH or NaClO, extraction trials were performed with fresh, dried and
lyophilized biomass. Biomass C (PHA content of ca. 44%, see Section 2.1) was used in
these tests. After having been collected, biomass C was subjected to acidification, cen-
trifugation and storage at 4 °C. This fresh biomass C was subjected to PHA extraction.
The dry biomass C was obtained by subjecting the fresh biomass to drying at 60 °C for
3.5 days. The lyophilized biomass C was obtained after lyophilization of the fresh biomass.
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Figure 6 displays the PHA extraction results of the application of the optimal conditions
for either NaOH or NaClO digestion (determined in Section 3.2) to lyophilized, dry and
fresh biomass C.
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Figure 6. Results of PHA extraction from lyophilized, dry (at 60 °C) and fresh biomass, containing
ca. 44% of PHA, using the optimal conditions for digestion with either NaOH (0.3 M for 4.8 h) or
NaClO (9.0% for 3.4 h). Biomass C corresponds to the starting biomass with intracellular PHA prior
to extraction. The results are expressed in PHA content (%), PHA recovery (%), normalized mass of
PHA (g) and normalized mass of impurities (g).

The results of digestion with NaOH in Figure 6 suggest that this method was more
efficient when used to process dry biomass rather than lyophilized or fresh biomass, as it
resulted in a higher removal of impurities without compromising PHA recovery. While
PHA recovery values were similar for all extraction trials with NaOH, ranging between 88
and 92%, the use of dry biomass resulted in a product with a PHA purity of 77%, while
NaOH digestion of lyophilized and fresh biomass originated products with PHA purities
of 66% and 57%, respectively.

The use of NaClO for PHA extraction from lyophilized, dry and fresh biomass resulted
in products with PHA purities of 80%, 73% and 83%, respectively, and similar PHA
recovery values, between 90 and 95% (Figure 6). Hence, contrary to PHA extraction
by NaOH treatment, digestion with NaClO resulted in products with similar PHA purity
and recovery, regardless of the pre-treatment applied to the biomass, though it was slightly
less efficient when processing dry biomass.

3.5. Effect of Biomass Concentration on PHA Extraction Performance

The effect of biomass concentration on PHA extraction by NaOH or NaClO digestion
was also studied. For this purpose, biomass A (lyophilized biomass with ca. 70% PHA,
see Section 2.1) at the concentrations of 20 g/L, 40 g/L, 60 g/L, 80 g/L and 100 g/L was
subjected to the optimal conditions for digestion with NaOH (0.3 M, 4.8 h) or NaClO (9.0%,
3.4 h). The results concerning the effect of biomass concentration on PHA extraction by
digestion with either NaOH or NaClO are presented in Figure 7a,b.

Figure 7 shows that at a biomass concentration of 20 g/L, NPCM digestion with
either NaOH or NaClO originated products with PHA contents of ca. 100%. When biomass
concentration was increased to 40 g/L, the product derived from NaOH digestion presented
about 8% of impurities, while the one obtained from NaClO digestion still presented a PHA
content of ca. 100%. This suggests that, at their respective optimal conditions, NaClO was
able to digest more NPCM than NaOH.

After increasing biomass concentration to 60, 80 and 100 g/L, the PHA purity gradually
decreased in the products extracted by NaClO digestion and remained approximately
constant in the products extracted by NaOH digestion. Thus, it is possible to conclude
that as the biomass concentration increased in the extraction trials using either digestion
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agent, the PHA purity of the extracted samples tended to decrease, the higher amount of
impurities being a consequence of a higher biomass concentration.
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Figure 7. Results of PHA extraction from biomass at the concentrations of 20 g/L, 40 g/L, 60 g/L,
80 g/L and 100 g/L using the optimal conditions for digestion with either (a) NaOH (0.3 M for 4.8 h)
or (b) NaClO (9.0% for 3.4 h). Biomass A corresponds to the starting biomass with intracellular PHA
prior to extraction. The results are expressed in PHA purity (%), PHA recovery (%), normalized mass
of PHA (g) and normalized mass of impurities (g).

3.6. Characterization of Extracted Polymers

Selected samples from the PHA extraction tests previously presented were analyzed
in terms of Mw, DSC and FTIR spectroscopy. The analyzed samples and the extraction
treatments they were obtained from are described in Table 6. The physical-chemical
properties of the polymers extracted using the different treatments are presented in Table 7.
In terms of physical-chemical properties, sample V will be considered the standard for
comparison between samples obtained from the same biomass (lyophilized biomass A with
ca. 70% PHA content; samples I, Il and V) due to having been obtained using the benchmark
protocol for PHA extraction, which, reportedly, causes negligible PHA degradation [27].

Table 6. Samples selected for analysis of molecular weight (Mw), differential scanning calorimetry
(DSC) and Fourier transform infrared (FTIR) spectroscopy and the PHA extraction methods from
which these samples were obtained.

Sample Type of Biomass PHA Content (%) Extraction Method
I lyophilized biomass A 70 NaOH (0.3 M, 4.8 h) + washing with water
I lyophilized biomass A 70 NaClO (9.0%, 3.4 h) + washing with water
III fresh biomass C 44 NaOH (0.3 M, 4.8 h) + washing with water
v dried biomass C (60 °C, 3.5 days) 44 NaOH (O.;’) M, 4.8 h) + washing with water
v lyophilized biomass A 70 Soxhlet extraction with chloroform + precipitation in

absolute EtOH (benchmark protocol)
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Table 7. Physical-chemical properties of the polymers extracted in selected PHA extraction trials,
produced by MMC using fermented fruit waste as feedstock (3HB, 3-hydroxybutyrate; 3HV, 3-
hydroxyvalerate; Mw, Mean molecular weight in weight; Mn, Mean molecular weight in number;
PDI, Polydispersity index; Tg, Glass transition temperature; T, Crystallization temperature; AH,
Crystallization enthalpy; T, Melting temperature; AHy,, Melting enthalpy).

Sample PHA Purity 3HB in PHA 3HV in PHA Mw Mn PDI Tg T AH, Tm AHp
(%) (%owt) (%owt) (x10° Da) (x10° Da) (W O (J/g) Q) (J/g)

I 101.7 £ 7.6 69.0 31.0 2.45 1.33 1.84 —1.57 57.1 6.7 109.6 208

II 99.4 +4.2 69.1 30.9 2.45 1.11 220 -1.19 - - 1111 275

it 56.8 £ 0.8 81.7 18.3 2.81 1.26 223 —4.92 - - 138.1 2.5
v 773 +£2.7 81.7 18.3 0.87 0.12 712 —-0.14 - - 1329 339
\% 95.1+73 68.8 31.2 2.63 1.31 200 051 62.1 11.3 1091 185

3.6.1. Molecular Weight

When comparing the Mw (Table 7) of sample V with that of samples I and II, it is
possible to infer that treating lyophilized biomass A with NaOH or NaClO, respectively,
resulted in a slight decrease in Mw. This suggests that some polymer degradation occurred
during these PHA extraction processes. Nevertheless, samples I and II presented high
Mw and values of polydispersity index (PDI) similar to the ones for sample V, around 2,
indicating the homogeneity of these polymers.

On the other hand, comparing the Mw and PDI values of samples III and IV suggests
that drying biomass C at 60 °C for 3.5 days before extraction resulted in significant changes
in the macromolecular features of the polymer, the Mw for sample IV being markedly
lower than that for sample 1T (0.87 x 10° Da and 2.81 x 10°, respectively). Furthermore,
while sample III presented a PDI of 2.23, sample IV displayed a PDI of 7.12, indicative of a
broad molecular weight distribution in the latter.

3.6.2. Thermal Properties

The thermal properties of each sample, namely glass transition temperature (Tg),
crystallization temperature (T.) and respective crystallization enthalpy (AH.), melting
temperature (Ty,) and respective melting enthalpy (AHp,), were determined using the
second heating run of the respective thermogram (Figure 8). As moisture/solvent removal
occurred during the first heating run, considering the second heating allowed a more
accurate comparison between the samples. It should be noted, however, that crystallinity
decreased for all samples after the first heating/cooling cycle, as samples recrystallized to a
lesser extent. Furthermore, sample III presented a distinctive behavior on the first heating
run, being the sample that lost the most mass, attributed to dehydration, the respective
water removal endotherm masking the melting.

The second heating run of the thermograms of the considered samples (Figure 8)
displays broad melting endotherms, likely due to a wide distribution of crystal thickness
and/or size, which influenced their melting temperatures [28]. Furthermore, the thermo-
grams in Figure 8 show that samples I and V undergo cold crystallization above glass
transition, revealed by the emergence of a broad exotherm, which could be a consequence
of a higher mobility of the polymer chains [29] enabling their ordered arrangement while
crossing the glass transition temperature upon heating.

In Table 7, it is possible to observe that the samples with the highest melting tempera-
tures were samples III (138.1 °C) and IV (132.9 °C). This may be due to their lower 3HV
content when compared to the other samples, since a melting point decrease in PHBV has
been associated with a 3HV content increase [30].
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Figure 8. Second heating runs of the DSC thermograms of samples I (green, solid line), II (yellow,
dash line), III (pink, short dash line), IV (red, long dash line), V (blue, dash dot line). The thermograms
were vertically displaced in order to coincide in the low temperature region.

3.6.3. Attenuated Total Reflectance—Fourier Transform Infrared (ATR-FTIR) Spectra

ATR-FTIR spectroscopy was used to analyze the selected polymers extracted by
NaOH- and NaClO-based methods and also by chloroform extraction followed by EtOH
purification (Table 6). The FTIR spectra obtained are presented in Figure 9.

Figure 9a shows that all the samples present the typical PHA bands in FTIR, namely
the ester carbonyl band (C=0), stretching in the 1740-1700 cm ! region, and the -CHj
and -CH, bands, stretching at 30002800 cm~! [31]. In Figure 9b, all FTIR spectra were
normalized by their maximum absorbance, at ca. 1722 cm !, to allow a more accurate
comparison between the samples in the ester carbonyl band (C=0) region.

Structurally, in the crystalline phase, oxygen atoms of the carbonyl group are located
closer to hydrogen atoms, forming hydrogen-bond interactions and leading to a decrease
in the carbonyl bond order and to absorbance at lower wavenumbers. On the other hand,
the absence of an ordered structure in the amorphous phase leads to reduced hydrogen-
bonding effects, resulting in increased carbonyl bond order and absorbance at higher
wavenumbers [32], closer to the free C=O stretching mode. Hence, the carbonyl band
presents two distinct regions: a relatively broad band at ca. 1738 cm~!, which corresponds
to the amorphous phase of the polymer, and a sharper band at ca. 1722 cm~!, which
corresponds to the crystalline phase [33]. Considering this information and Figure 9b, it is
possible to infer that sample III exhibits the most amorphous character of all the samples,
while the highest crystallinity was found for samples IV and V. The comparison between
samples IIl and IV allows us to conclude that drying the biomass at 60 °C for 3.5 days, prior
to the PHA extraction process, influenced the polymer crystallinity in sample IV, since this
was the only difference between the pre-treatments of both samples (Table 6). Likewise,
as samples I, II and V, which resulted from different extraction methods applied to the
same lyophilized biomass, present distinct dynamics between the respective amorphous
and crystalline phases, one might assess that the PHA extraction process influences the
polymer crystallinity.

142



Polymers 2022, 14, 2155

0.8
0.6
0.4
0.2
\
. \/ A oo
e PLSY! Sy .
4000 3500 3000 2500 2000 1500 1000 500 0
Wavenumber (cm™!)
Sample I Sample IT Sample III ——Sample IV Sample V
(a)
1.2
Amorphous phase Crystalline phase
0.9
0.6
L/
0.3
,,/
= 0
1780 1760 1740 1720 1700 1680 1660 1640
Wavenumber (cm™)
Sample I Sample II Sample III ——Sample IV Sample V

(b)

Figure 9. FTIR spectra of the polymer samples obtained using different PHA extraction methods
considering: (a) the entire wavenumber range (400-4000 cm~1); (b) a close-up of the carbonyl (C=0)
region, 1740-1700 cm ™!, which includes a broad band at ca. 1738 cm~! and a sharp band at ca.
1722 cm~!, assigned to the amorphous and crystalline phases of the polymers, respectively; in (b)

each FTIR spectra were normalized by the respective maximum absorbance, at ca. 1722 cm .

4. Discussion

In the present study, when the optimal conditions for digestion with NaOH (0.3 M,
4.8 h) were applied to lyophilized biomass (biomass A, PHA content of ca. 70%) produced
at pilot scale using fermented fruit pulp as substrate, a PHA purity of 101.7 & 7.6% and a
PHA recovery of 102.9 £ 7.9% were obtained. These values are similar to the ones reported
by Jiang et al. (2015) [3], where lyophilized biomass with an intracellular PHA content
of ca. 70%, produced with acetate as substrate, was digested using NaOH at 0.2 M for
1 h, resulting in the recovery of 95.5 £ 0.6% of the polymer with a purity of 95.9 & 3.7%.
However, in the current study, a higher NaOH concentration and a longer digestion time
were necessary to obtain PHA purity and PHA recovery values similar to the ones reported
by Jiang et al. (2015) [3], possibly due to the fact that a real substrate with a more complex
matrix was used for biomass production in the case at study. Furthermore, the results of
the aforementioned authors suggest that sole NaOH treatment was unable to remove all
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NPCM from fresh biomass, the remaining impurities requiring the combined action of
NaOH and sodium dodecyl sulfate (SDS) to be efficiently removed. In the present study,
when testing the effect of different biomass pre-treatments on PHA extraction performance
(Figure 6), using biomass with a lower intracellular PHA content (ca. 44%, biomass C), it
was also observed that NaOH digestion was less efficient when processing fresh biomass
when compared to lyophilized and dry biomass. Hence, one possible approach for future
work might be the addition of SDS to NaOH digestion for the extraction of PHA from
fresh biomass.

In the present study, the application of the found optimal conditions for NaOH
digestion (0.3 M, 4.8 h) to lyophilized biomass with an intracellular PHA content of ca. 41%
(biomass B) (Figure 5) resulted in an extraction product with a PHA purity of about 71%
and a PHA recovery of ca. 99%. Mohammadi et al. (2012) [8] performed experiments of
PHA (PHBHHXx) extraction from lyophilized recombinant C. necator with a PHA content
of ca. 38.3% at 4 °C and 30 °C. At 30 °C, the temperature used in the present study, the
highest values of PHA purity and PHA recovery were ca. 95% and ca. 97%, respectively,
obtained when biomass was subjected to digestion with NaOH at 0.1 M for 5 h. The lower
PHA purity of the final product in the current study may be associated with the fact that
MMC are reportedly more resistant to cell hydrolysis than pure cultures [34].

In this study, using the optimal NaOH digestion conditions for the extraction of
PHA from fresh biomass C with a PHA content of ca. 44% (Figure 6) resulted in a PHA
recovery and a PHA purity of around 88% and 57%, respectively. Villano et al. (2014) [11]
performed PHA extraction trials at room temperature using fresh biomass with an average
PHA (PHBV) content of 46%, produced with a synthetic mixture of acetic and propionic
acids. When subjecting the fresh biomass to NaOH at 1 M (the ratio between the volume
of biomass and the chemical solution being 6:1) for 3 h, these authors reported a PHA
recovery and a PHA purity of around 87% and 54%, respectively. Using a digestion time of
24 h, a PHA recovery and a PHA purity of about 80% and 56%, respectively, were obtained.
These values are similar to the ones obtained in the present study. Regarding digestion with
NaClO at 5% Cl, (5.25% NaClO; the ratio between the volume of biomass and the chemical
solution being 6:1), the aforementioned authors reported complete recovery of PHA after
3 h and 24 h of digestion. Furthermore, PHA purities of ca. 90% and ca. 98% were obtained
after 3 h and 24 h of digestion, respectively. In the present study, subjecting fresh biomass
with a PHA content of ca. 44% (biomass C) to the optimal conditions for NaClO digestion
(9.0% NaClO, 3.4 h) resulted in a PHA recovery of around 92% and a final product with
a PHA purity of ca. 83% (Figure 6). These values are lower than the ones obtained by
Villano et al. (2014) [11], which may be due to the fact that the biomass in the current
study was produced using real waste as substrate, namely fermented fruit pulp with a
complex matrix, while in the former, a synthetic mixture of acetic and propionic acids was
used. The use of real waste as substrate may result in the presence of impurities that are
harder to remove. On the other hand, the conditions used for PHA extraction from fresh
biomass C (PHA content of ca. 44%) with NaClO in the present study were determined
using lyophilized biomass with a PHA content of ca. 70%, biomass A (Section 3.2). Thus, it
is possible that applying the CCRD methodology to NaClO digestion for PHA extraction
from fresh biomass C would determine a different set of optimal conditions that would
result in increased PHA purity and PHA recovery. The same possibility can be posed for
PHA extraction by NaOH digestion.

Considering Mw results, the polymer obtained from NaClO digestion (9.0%, 3.4 h)
of lyophilized biomass with an intracellular PHA content of ca. 70% (sample II in Ta-
ble 7) presented an average Mw of 2.45 x 10° Da and PDI of 2.20. In the study by
Villano et al. (2014) [11], digestion using NaClO, in the conditions mentioned above re-
sulted in a polymer with a Mw range between 3.4 x 10° and 5.4 x 10° Da, and a PDI
between 4 and 10. It is possible that the considerable difference between the PDI values of
the two studies is due to the process conditions, since in the present study, the polymer was
extracted from lyophilized biomass with an intracellular PHA content of ca. 70%, while
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in the study by Villano et al. (2014) [11], the polymer was extracted from fresh biomass
containing ca. 46% of PHA.

Digestion of lyophilized MMC (biomass A, PHA content of ca. 70%) with NaClO,
using the optimal conditions (9.0% NaClO, 3.4 h), resulted in a PHA recovery of ca. 90%
and a PHA purity of around 99% (Figure 4). Heinrich et al. (2012) [9] extracted PHA (PHB)
from lyophilized R. eutropha H16 (intracellular PHA content of ca. 65.2%) by subjecting
it to digestion with NaClO at 13% (v/v) for 1 h at room temperature. In that study, PHA
extraction was performed at 0.1 L and 50 L scales. At the scale of 0.1 L, a PHA purity of ca.
95.7% and a PHA recovery of about 91.3% were obtained, whereas at the scale of 50 L, an
average of about 87% of the existing polymer was recovered, the final product presenting
an average PHA purity of ca. 93%. The reported PHA purity and PHA recovery values
using a pure culture are similar to the ones obtained in the current study with an MMC.
Nevertheless, in the case at study, PHA extraction by NaClO resulted in a Mw reduction
of about 7% when compared to the polymer recovered by chloroform (Table 7), a value
notably lower than the one observed by Heinrich et al. (2012) [9], which ranged between
50% and 70%, similarly to previous studies [18,19].

Regarding the effect of biomass concentration on PHA extraction, the results in
Figure 7 are in accordance with those obtained by Berger et al. (1989) [19] and Choi
and Lee (1999) [6], who observed a decrease in polymer purity when cell concentration
was increased in PHA extraction by NaClO and NaOH digestions, respectively. Addi-
tionally, Heinrich et al. (2012) [9] also observed that in PHA extraction by digestion with
NaClO at 13% (v/v), a biomass concentration higher than 30 g/L led to the saturation of the
NaClO solution.

Regarding the effect of biomass pre-treatment on PHA extraction, Figure 6 shows that
a higher PHA purity was obtained when NaOH digestion was applied to extract PHA from
biomass C (intracellular PHA content of ca. 44%) that had been previously dried at 60 °C
for 3.5 days, rather than fresh biomass C (ca. 77% of PHA purity in the former vs. ca. 57%
in the latter). However, Mw results in Table 7 show that drying biomass C prior to NaOH
digestion (sample IV in Table 7) resulted in a major decrease in Mw and increase in PDI
when compared to the application of the same process to fresh biomass C (sample III in
Table 7). Sample I1I presented a Mw of 2.81 x 10° Da and a PDI of 2.23, whereas sample IV
displayed a Mw of 0.87 x 10° Da and a PDI of 7.12. Lorini et al. (2021) [35] also compared
the Mw of polymers extracted from dried and fresh biomass and reported a 3-fold lower
Mw for the one extracted from dried biomass. In the present study, it is possible that the
drying process resulted in the physical association of the polymer in sample IV with low
reversibility upon dissolution. This would justify the higher crystallinity of this sample
when compared to sample IlI, as displayed in Figure 9b, and would explain the decrease
in Mw. Considering these results, it is possible to conclude that higher PHA extraction
performance does not guarantee superior polymer quality.

DSC and FTIR results presented in Figures 8 and 9b, respectively, suggest that the PHA
extraction process influences the polymers’ crystallinity. These results are in agreement
with the results obtained by Jiang et al. (2015) [3], which show that chemical treatment and
biomass pre-treatment have an impact on the polymer’s crystallinity.

5. Conclusions

PHA extraction conditions should be adjusted to the properties of each biomass that is
to be processed. In the current study, NaOH and NaClO were tested as green alternatives
to organic solvents for the extraction of PHA from MMC biomass produced at pilot scale
with fruit pulp waste, and the optimal chemical digestion conditions were determined by a
design of experiments methodology. This methodology can be transposed to determine the
optimal conditions for PHA recovery from other types of biomasses, subjected to different
or no pre-treatments, and with different intracellular PHA contents.

High PHA extraction performances were obtained using the optimal digestion condi-
tions for either NaOH (0.3 M, 4.8 h) or NaClO (9.0%, 3.4 h). However, treatments using
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NaClO present the risk of formation of toxic halogenated compounds, hindering their
application at a large scale. On the other hand, sole digestion with NaOH proved to be an
efficient green alternative to chlorinated compounds.

NaClO was similarly efficient for PHA extraction from dry, lyophilized and fresh
biomass, though displaying a slightly lower performance for dry biomass, while for NaOH,
the greatest efficiency was attained for dry biomass and the lowest for fresh biomass.
Digestion of lyophilized biomass with either NaOH or NaClO resulted in negligible loss
of polymer molecular weight. However, biomass drying at 60 °C before PHA extraction
resulted in a polymer with a broad molecular weight distribution and a decreased mean
molecular weight. Furthermore, polymer characterization by DSC and FTIR suggested that
its crystallinity is influenced by the applied extraction method.

Intracellular PHA content and biomass concentration were found to strongly influence
the PHA extraction performance, irrespective of the digestion agent used. The higher the
intracellular PHA content, the higher the PHA purity in the extraction products. On the
other hand, when biomass concentration was increased above 20 g/L, the PHA purity of
the extraction products tended to decrease. Thus, a compromise between the efficiency of
polymer recovery/purity and the process productivity (related to the volume of biomass to
be processed) should be considered according to the final polymer application.
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Abstract: Recently, a renewable five-membered lactone containing citronellol (HBO-citro) was syn-
thesized from levoglucosenone (LGO). A one-pot two-step pathway was then developed to produce
a mixture of 5- and 6-membered Lactol-citro molecules (SML and 6ML, respectively) from HBO-citro.
Proton nuclear magnetic resonance ('H NMR) of a mixture of 5SML and 6ML at varying temperatures
showed that the chemical shifts of the hydroxyls, as well as the 5SML:6ML ratio, are temperature-
dependent. Indeed, a high temperature, such as 65 °C, led to an up-field shielding of the hydroxyl
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Polyesters constitute a highly versatile class of polymers that meet the market require-
ments in terms of production cost and desirable qualities [12]. For example, polyesters are
widely used for making textiles, such as dress materials [13]. On the other hand, polyesters
are polymers of repeating units containing ester groups that can undergo hydrolysis under
certain circumstances. This facilitates their enzymatic degradation if they are susceptible
to it [14]. The presence of aliphatic moieties in polyesters allows their biodegradability.
Aromatic-containing polymers, such as bio-polyethylene terephthalate (PET) [15], the lead-
ing bioplastic in the market, suffer from their resistance to degradation when accumulated
in the environment. In general, biodegradable aromatic/aliphatic polyesters typically
contain a large fraction of aliphatic ester groups. Above a threshold, which depends on the
properties of each polymer, the presence of aromatic groups decreases, or even suppresses,
the biodegradability [16].

On the other hand, one of the key challenges in the field of sustainable polymers
is to produce renewable materials that can compete with their fossil fuel-based counter-
parts [17-19]. A discussion was recently held to identify the most important topics that
should be addressed over the next 100 years in polymer science [20]. Three major top-
ics were identified: (i) new properties and applications, (ii) new synthetic methods, and
(iii) sustainability. In this context, functional polymers offer great potential to be used
in widespread applications [21,22]. Allcock et al. took advantage of citronellol, a natu-
ral acyclic monoterpenoid found in citronella oil [23], to synthesize polyphosphazenes
containing citronellol side groups, as potential candidates for ligament and tendon tissue
engineering [24]. Hydrolysis experiments in deionized water at 37 °C showed a mass loss
of 8-16% and a decrease in molecular weight in the range of 28-88% over 12 weeks. The
same authors prepared polyphosphazenes with pendant amino acid citronellol ester for
biomedical applications [25]. Nevertheless, the synthesis of these functional polymers
requires non-renewable backbone chains (polyphosphazenes) to hold the citronellol chains.
In addition, a chlorine-based hexachlorophosphazene is needed to synthesize polyphosp-
hazenes [26]. Citronellyl, geranyl and neryl methacrylate monomers were also prepared
by Worzakowska [27]. Branched polymers were obtained through the UV-photoinitiated
polymerization of these functional methacrylated monomers at room temperature. Interest-
ingly, among the polymers obtained, poly(citronellyl methacrylate) was the most thermally
stable material [27].

Given our strong expertise in levoglucosenone (LGO), a wood-based functional
molecule produced at the scale of several tons per year [28-30], we have recently be-
come interested in developing not only renewable functional monomers and polymers
from LGO [31-36] but also biodegradation protocols to evaluate the end-of-life of our
in-house corresponding materials. In this context, we recently reported the first fully
renewable citronellol-containing monomers from LGO [34,35]. More precisely, we took
advantage of the «,3-conjugated double bond of LGO to perform the acid-catalyzed [37]
oxa-Michael addition of citronellol (Scheme 1). This step was followed by the in situ organic
solvent-free HyO,-mediated Baeyer-Villiger oxidation to access HBO-citro. From the latter,
fully renewable monomers (Triol-citro and Lactols-citro) were prepared through the selec-
tive reduction of the HBO lactone moiety. Notably, when NaBH,4 was used as a reducing
agent, it led to the formation of the tris-hydroxy monomer, Triol-citro. However, when
diisobutylaluminum hydride (DIBAL-H) was adopted, a mixture of 5- and 6-membered
cyclic forms of Lactol-citro (SML and 6ML) were obtained (Scheme 1) [34]. Indeed, the ring-
chain tautomerism of furanoses (5-membered rings) and pyranoses (6-membered rings) is
very common in sugars [38]. These furanose-pyranose interconversions exist in equilibrium
which led, in our case, to a mixture of Lactol-citro molecules. In our previous work [34],
Triol-citro was selected to prepare renewable polyesters (P1-P4) via its polycondensation
reaction with diacyl chlorides having different chain lengths (m = 1-4, respectively). When
P1-P4 were exposed to Lipopan® 50 BG, a commercial lipase from Thermomyces lanuginosus,
an 80% degradation of P2-P4 was observed after 80 h [34]. Inspired by this work, we
decided herein not only to prepare new fully renewable polyesters (P5-P8) that contain
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two types of lactol rings (5-membered and 6-membered) but also to study and compare the
biodegradation of the newly synthesized lactol-based copolyesters (P5-P8) to that of the
previously reported triol-based polymers (P1-P4). Furthermore, the equilibrium of SML
and 6ML was studied by 'H NMR at three temperatures: 25 °C, 50 °C and 65 °C.
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Scheme 1. Recently reported syntheses of Triol-citro and Lactol-citro from LGO.

2. Materials and Methods

Chemicals and reagents. Levoglucosenone was graciously provided by Circa group.
Citronellol (Sigma Aldrich, Saint-Louis, MO, USA), diisobutylaluminum hydride (DIBAL-
H) (Acros, Geel, Belgium), malonyl chloride 97% (Sigma Aldrich), succinyl chloride 95%
(Sigma Aldrich), adipoyl chloride 98% (Sigma Aldrich), glutaryl chloride 97% (Sigma
Aldrich), Lipopan® 50 BG (Novozymes, Bagsverd, Denmark) a purified lipase from Ther-
momyces lanuginosus expressed in Aspergillus oryzae, were used as received. NMR solvents,
including CDCl3; and DMSO-dg, were purchased from Cambridge Isotopes Laborato-
ries. HPLC grade solvents were purchased from Thermofisher Scientific, Waltham, MA,
USA, and used as received. Ultra-pure laboratory-grade water was obtained from MilliQ,
18.2 megaOhms. TLC analyses were performed on an aluminum strip coated with Silica
Gel 60 F254 from Merck, revealed under UV-light (254 nm), then in the presence of potas-
sium permanganate staining solution. All manipulations with air-sensitive chemicals and
reagents were performed using standard Schlenk techniques on a dual-manifold line, on a
high-vacuum line.

2.1. Characterization

Nuclear Magnetic Resonance (NMR) spectroscopy. 'H NMR spectra were recorded
on a Bruker Fourier 300 MHz (CDCl; residual signal at 7.26 ppm and DMSO-dg residual
signal at 2.5 ppm). 3C NMR spectra were recorded on a Bruker Fourier 300 (75 MHz)
(CDClj3 residual signal at 77.16 ppm and DMSO-dg residual signal at 39.52 ppm). Data are
reported as follows: chemical shift (6 ppm), multiplicity, coupling constant (J Hz), integral,
assignment. All NMR assignments were also made using 'H-'H COSY, 'H-13C HMBC and
1H-13C HSQC spectra.

Size exclusion chromatography (SEC) was performed at 50 °C using an Agilent Tech-
nologies (Santa Clara, CA, USA) 1260 Infinity Series liquid chromatography system with an
internal differential refractive index detector, a viscometer detector, a laser and two PLgel
columns (5 um MIXED-D 300 x 7.5 mm), using 10 mM Lithium Bromide in HPLC grade
dimethylformamide as the mobile phase at a flow rate of 1.0 mL/min. Calibration was
performed with poly (methyl methacrylate) standards from Agilent Technologies. Typically,
~3 mg of each sample was dissolved in 1 mL of DMF (10 mM LiBr) prior to analysis.
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Thermogravimetric Analysis (TGA) was measured with a TGA Q500 (TA Instruments,
New Castle, DE, USA). Typically, ~2 mg of each sample was equilibrated at 50 °C for 30 min
and was flushed with highly pure nitrogen gas. All the experiments were performed with
a heating rate of 10 °C/min up to 500 °C. The reported values Tgs, and Tgs09, represent
the temperature at which 5% and 50% of the mass is lost, respectively.

Differential Scanning Calorimetry (DSC) was performed with a DSC Q20 (TA Instru-
ments). Typically, ~8 mg sample was placed in a sealed pan, flushed with highly pure
nitrogen gas and passed through a heat-cool-heat cycle at 10 °C/min in a temperature
range of —80 °C to 100 °C. Three heat/cool cycles were done for each sample where the
last two cycles were dedicated to analyzing the heat flow of the sample after being cooled
in controlled conditions. The Tg values recorded in this work are those obtained from the
third cycle.

Fourier-transform infrared spectroscopy (FTIR) was recorded on a Cary 630 FTIR
Spectrometer by Agilent (Wilmington, DE, USA).

2.2. Synthesis of Monomers

HBO-citro (Scheme 2). A biphasic mixture of LGO (50 g, 0.4 mol), citronellol (512 mL,
1.8 mol) and HCI (5 N, 0.6 mol) was stirred at room temperature for 16 h. The resulting
mixture was cooled down with an ice bath followed by the dropwise addition of a 30%
solution of HyO, (2 mL) for 2 h. After completion of the addition, the reaction was heated
up to 80 °C and stirred for 12 h. The presence of H,O, was evaluated with peroxide strips
and any residual H,O, was quenched using sodium sulfite. The reaction was extracted with
ethyl acetate (two times). Organic layers were washed with brine, dried over anhydrous
MgSOy, filtered and evaporated to dryness. This step was followed by distillation to remove
excess citronellol. The crude product after distillation was purified by flash chromatography
(gradient 90/10 to 20/80, cyclohexane/ethyl acetate as eluant) to give 62 g of HBO-citro as
a pale-yellow oil (58%).

16

157 14

Scheme 2. Structure of HBO-citro.

'H NMR (CDCl3), &: 5.01 (broad t, | = 5.19 Hz, 1H, Hy3), 4.43 (s, 1H, H3), 4.11 (d,
J=7.0Hz, 1H, OH), 3.84 (dd, ] = 3.3 and 12.4 Hz, 1H, Hy), 3.65 (dd, | = 3.3 and 12.4 Hz, 2H,
Hy), 3.39 (m, 2H, Hy), 2.81 (dd, ] = 7.0 and 18.1 Hz, 1H, Hs,), 2.44 (dd, ] = 3.3 and 18.1 Hz,
1H, Hs;), 1.90 (m, 2H, Hy), 1.61 (s, 3H, Hy5), 1.53 (s, 3H, Hi¢), 1.27-1.07 (m, 4H, Hy;, Hg),
0.82 (d, ] = 6.4 Hz, 3H, Hy).

13C NMR (CDCl3), 8¢: 176.7 (Cg), 131.2 (C14), 124.6 (C13), 85.9 (C3), 76.1 (Cy), 67.6 (Cy),
62.1 (Cy), 37.1 (C11), 36.5 (Cg), 35.9 (Cs), 29.3 (Cy), 25.7 (C15), 25.3 (C12), 19.4 (C10) 17.6 (C1g).

Lactol-citro (Scheme 3). A 1.2 M solution of DIBAL-H (27.5 mL of DCM, 33 mmol)
was added dropwise to a solution of HBO-citro (4.5 g, 15 mmol) in DCM (68 mL) at —50 °C.
The reaction mixture was stirred for 30 min at —50 °C then quenched with a 20% aqueous
solution of citric acid (30 mL). The reaction was warmed to room temperature then stirred
until the aluminum salt disappeared. Layers were separated and the organic layer was
washed with brine, dried over anhydrous magnesium sulfate, filtered and evaporated to
dryness. The crude product was purified by flash chromatography (gradient 90/10 to
20/80, cyclohexane/ethyl acetate as eluant) to give 3.63 g of Lactol-citro molecules as a
colorless o0il (89%).
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Scheme 3. Structures of SML (left) and 6ML (right).

The full interpretation of H and 3C NMR (DMSO-dy) is provided in Figures 51-55 in
the Supporting Information (SI).

2.3. Synthesis of Polymers

P5-P8 (Scheme 4). A typical two-step melt polycondensation experiment (run 1,
Table 1) was performed as follows. Under N, atmosphere, Lactol-citro (500 mg) was
charged into a 10 mL round bottom flask connected to a vacuum line, equipped with a
condensate trap. The flask was cooled down with an ice bath, then 1 equiv. of malonyl
chloride (0.18 mL) was added. The mixture was stirred at room temperature for 19 h. The
temperature was then increased gradually up to 50 °C. A high vacuum (103 bar) was then
applied for 3 h. Additional polyesters were prepared with this protocol, employing other
diacyl chlorides (succinyl chloride, adipoyl chloride and glutaryl chloride).

O O
0
X Y
crosslinked citros crosslinked citro "
P5-P8 (m = 1-4)

Scheme 4. Structure of P5-P8 obtained from the polycondensation of 5SML, 6ML and diacyl chlorides.

'H and 3C NMR (DMSO-d) of P5-P8 are provided in Figures S6-513 in the Supporting
Information (SI).

2.4. Enzymatic Degradation

Before its use, the activity of the enzyme was assessed using the p-nitrophenyl butyrate
colorimetric assay. Absorbance was monitored at 400 nm and the results were compared
with a p-nitrophenol calibration curve. P5-P8 were ground using a spatula to yield pow-
dered polyester samples. 50 mg of the ground samples were placed in 4 sealed vials
containing phosphate buffer (3 mL, 0.05 M) and 10 mg/mL of Lipopan® 50 BG (50 KLU/g).
Lipopan® 50 BG contains lipases from Thermomyces lanuginosus expressed in Aspergillus
oryzae commercially used in bakery. The enzyme concentration was adapted from Alejan-
dra et al. [39] The mixtures were then incubated at the pH and temperature optima for
the enzyme (37 °C, pH 7) and stirred gently at 50 rpm for 48 h. The reactions were then
stopped by immersing the tubes in an ice bath. To remove the enzyme, the hydrolyzed
polymers were washed three times with 10 mL of water followed by centrifugation for
10 min at 10 °C and 4750 rpm. The resulting products were freeze-dried to remove all
traces of water before being subjected to mass loss measurement and characterization
of polyester enzymatic degradation. All isolated powders were analyzed by 'H NMR,
SEC, DSC and FTIR. Controls were realized for each polymer in phosphate buffer solution
without enzyme and showed no degradation.

3. Results and Discussion
3.1. Lactol-Citro

The synthesis of 5- and 6-membered Lactol-citro (ML and 6ML, respectively) was
performed from HBO-citro according to a recently reported procedure [34]. It is worth
mentioning that although the reduction of HBO-ctiro is easy to perform, reaction conditions
must be strictly controlled to avoid the formation of Triol-citro (Scheme 1). Anhydrous
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solvents, a nitrogen atmosphere and a short time period (30 min) are all necessary to
promote the complete conversion of HBO-citro to Lactol-citro. Otherwise, in the presence
of a trace amount of water, and for durations longer than 30 min, Triol-citro was observed.
Although the separation of the two products was not possible, two cyclic structures of
Lactol-citro were easily distinguishable by 'H-'H COSY NMR (Figure 1). The major
occurrence (65%) of the more stable 6-membered derivative was observed at 6.11 ppm,
corresponding to OH, group of 6ML. On the other hand, the proton resonance of OH;
at 6.46 ppm identified the percentage of the less stable 5-membered lactol cycle, which
was interestingly found to be 35%. Since the polycondensation using these molecules was
performed in two steps (room temperature under N, and 50 °C under vacuum, vide infra),
we decided to study equilibrium of 5SML = 6ML interconversions at different temperatures
(25 °C, 50 °C and 65 °C) using 'H NMR. The percentages of each of the 5SML and 6ML
were monitored using the hydroxyl resonances OH; and Hj, and OH, and H, respectively.
Figure 2 shows that temperature has an impact on the chemical shifts of the aforementioned
protons; mainly on the hydroxyl peaks that showed an up-field shifting (to the right) when
the temperature was increased from 25 °C to 50 °C and 65 °C. For example, at 25 °C, the
chemical shifts of OH; and OHj, are 6.42 ppm and 6.09 ppm, respectively. However, when
the NMR measurement was performed at 65 °C, a shift of these two signals to 6.18 ppm
and 5.90 ppm was recorded. Interestingly, when integrating the peaks of H, and H. we
found a 3% and 9% increase of 6ML at 50 °C and 65 °C, respectively. Indeed, the variation
of the 5SML:6ML ratio must be finely monitored during the two polymerization steps (vide
infra)—especially in the presence of highly reactive co-monomers, such as acyl chloride—to
allow the controlled incorporation of the Lactol-citro along the polyester chain. For these
reasons, it is more convenient to carry out the polymerization step at 50 °C where only 3%,
towards the formation of the more stable pyranose-like derivative, was obtained.

P K HO,, b o
q o\nm','ho“"g 4 "OH
S 6-membered
5-membered OH; or OH, OH,
o|-|1 ‘ OH7 orOHe
|
‘ L4.4
‘ 4.6
‘ Las
} 15.0
r5.2
— = 5.4
5.6
5.8
£6.0
i@\ F6.2
b 6.4
+6.6

655 6.50 645 640 635 6.30 625 620 6.15 610 6.05 6.00 595 590 5.85

Figure 1. 'H-1H COSY (DMSO-dg) spectrum of 5ML and 6ML mixture.
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Figure 2. Effect of temperature on the 'H NMR (DMSO-dg) of 5SML = 6ML interconversion.

3.2. Polycondensation

The potential of Lactol-citro (SML-6ML) was then investigated in the synthesis of
new renewable functional polyesters. Solvent-free polycondensations were first performed
using aliphatic diacyl chlorides as co-monomers with different chain lengths (m = 1-4)
(Table 1). The first step of the polycondensation was started at room temperature for
19 h. The temperature was then increased to 50 °C to allow the polymerization of the
oligomers formed in the 1st step while also controlling the interconversion of SML-6ML.
The products isolated in both steps were found to be insoluble in all classical solvents
(e.g., tetrahydrofuran, dioxane, chloroform), except in dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO), where partial solubility was observed. All our attempts to
enhance the solubility of the prepared polyesters were unsuccessful. For example, we tried
to use polymerization methods with solvents (e.g., THF) and base (e.g., pyridine) to control
the condensation reactions of the first step or after oligomer formation. Furthermore, differ-
ent times and temperatures were tested; however, only partially or non-soluble polymers
could be isolated. Nevertheless, such descent solubility was sufficient to characterize the
polymers (vide infra).

The NMR spectra assignment was consistent with the formation of cross-linked
copolyesters. First, after the incorporation of acyl chloride co-monomer, the signals
of the free hydroxyl groups of 5ML and 6ML in the range of 6.47-5.90 ppm and at
4.96 and 4.38 ppm disappeared (SI, Figures S6-513). Also, the carbonyl groups of the
polyesters formed were clearly detected by '3C NMR in the region of 175.0-169.0 ppm
(SI, Figures 57, 59, S11 and S13 for P5, P6, P7 and P8 respectively). On the other hand, no
presence of Hy4 and Hy, of the citronellol double bond at 5.07 ppm was observed, demon-
strating that the pendent citronellol moieties were possibly cross-linked at a relatively
elevated temperature (50 °C) or/and in the presence of diacyl chloride. The crosslinking
was more obvious when analyzing the '3C NMR spectra that showed the complete dis-
appearance of Cy5, C, and Cyy, Cp signals at 130.9 and 125.0 ppm, respectively. Indeed,
this thermally-induced and/or acid-catalyzed complete crosslinking was observed regard-
less of the co-monomer chain length (acyl chlorides, m = 1-4). FTIR analysis of P5-P8
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was performed and showed the disappearance of the OH band of the lactol monomers
at 3400 cm~! as well as the appearance of a carboxyl group band at 1730 cm~!, which
corresponds to the newly formed esters (SI, Figure S15).

Table 1. Two-step polycondensation of 5ML and 6ML with acyl chloride derivatives.

ic:l)LM;U\m
! : s 9 0©
ML and 6ML ———— """ — 0--@0%0%0
X
n

1) 19 h, room temperature, N5 S . )
2) 3 h, 50 °C, vacuum crosslinked citro crosslinked citro

P5-P8 (m = 1-4)

Run Polymer M, (kDa) ! p! Tg (°O) 2 Tqs0% (°O) 3
1 P5 -4 - —62 198
2 P6 -4 - —57 205
3 P7 12.5 1.3 —67 243
4 P8 25.8 1.8 - 210

! Determined in DMF (10 mM LiBr) at 50 °C, only showed the soluble parts of the polymers. 2 Glass transition
determined by DSC. 3TGA degradation temperature at which 50% (T 4509,) mass loss was observed under nitrogen.
4 Completely insoluble in DMF.

Size exclusion chromatography (SEC) was used to measure the number-average
molecular weight (M,) as well as the dispersity (D). The polymers were partially soluble,
or not soluble, in DMF prior to SEC analysis; thus, the results obtained by SEC represent
only the soluble portions of the polymers. The copolyesters obtained from the lactol
derivatives showed a higher M, than the recently reported Triol-citro-based branched
polyesters (P1-P4), e.g., 25.8 kDa for P8 (run 4, Table 1) vs. 1.6 kDa for the polyester of
Triol-citro and glutaryl chloride (P4). Indeed, this is due to the formation of more complex
and less soluble cross-linked /branched structures when Triol-citro, which contains three
hydroxy groups with different reactivity, was employed.

The thermal analyses of P5-P8 were examined using differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) (SI, Figures S20-522 and S27-530, respec-
tively). DSC showed negative glass transition (Tg) values for all polymers. Nevertheless,
it is worth mentioning that P5-P8 showed higher T (57 °C to —67 °C) than polyesters
prepared using Triol-citro [34] (Figure 3). This confirms the higher mobility /flexibility of
the chains contained within the Lactol-citro based structures. Having T values in this
negative range is attractive for applications that require a Ty below body temperature,
such as in the biomedical field. No melting temperature (Tr,) was observed for any of
the polymers reported in this study. Moreover, no effect of the chain length of the acyl
chloride was detected. This is probably due to the effect of the citronellol moiety which
outweighs that of the number of carbons in the aliphatic co-monomer unit. This is in
agreement with the formation of a more stable branched structure when the Triol-citro
was engaged [34]. TGA showed that P5-P8 have lower thermal resistance than P1-P4. For
example, P8 exhibited a T 459, of 127 °C and a Tgsg9, of 210 °C, while those of Triol-citro
polymer (P4) were 170 and 386 °C, respectively.
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Figure 3. DSC thermograms of P1-P8.

3.3. Enzymatic Degradation

Given the promising degradation behavior that we have recently seen for the Triol-
based polyesters (P2-P4) [34], we decided to investigate the enzymatic degradation of
P5-P8 following the same procedure in the presence of a commercial lipase enzyme from
Thermomyces lanuginosus (Lipopan® 50 BG, Novozymes®, Bagsveerd, Denmark). Indeed,
a lipase-mediated degradation occurs first by a surface erosion process triggered by the
adsorption of the large-sized enzyme on the polymer surface. This step is followed by
the hydrolysis of the ester bonds to form the corresponding oligomers with terminal hy-
droxyl and carboxylic acid. In this study, we were able to monitor the hydrolysis of the
polymers that occurred during the second stage of the degradation process. Specifically, the
hydrolysis of the ester bonds led to the formation of shorter oligomers and/or constituting
monomers (Figure 4), the existence of which can be easily monitored by 'H NMR and FTIR,
as well as by SEC and DSC. Comparison of the initial analyses of the P5-P8 polymers in
Table 1 with the results obtained after treatment with Lipopan® 50 BG (Table 2), demon-
strates the effective enzymatic degradation of the copolymers. It is worth mentioning that
purification of the degraded cross-linked oligomers and (co-)monomers by simple methods,
such as precipitation, was not possible. Nevertheless, due to the presence of hydroxy and
carboxylic acid groups in the products after enzymatic degradation (vide infra), they can
be engaged as a whole in polycondensation reactions; however, this would lead to the
formation of several cross-linked oligomers/polymers with no control of molecular weight
or dispersity.

Due to the low solubility of P5-P8, all our attempts to make films by solvent casting
failed. Thus, we studied the biodegradation using their powder form, which was collected
by grinding at the end of the polymerization reactions. Notably, P5-P8 were degraded at a
significantly higher rate (~80% mass loss in 48 h) compared to Triol-citro based polyesters
P2-P4 (~80% mass loss in 96 h). Indeed, a highly cross-linked /branched structure as in
P1-P4, can induce a globular polymer conformation that hinders the accessibility of the
enzyme to the inner surface of the chains and delays/prevents the hydrolysis rate of the
ester bonds. Therefore, in contrast to the polyester of Triol-citro and malonyl chloride (P1),
a successful degradation was observed in the case of P5, as evidenced by the appearance of
hydroxyl vibration band by FTIR. Indeed, the hydrolytic step of enzymatic degradation
is determined by the hydrolysis time for polymers to form into shorter chains and the
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diffusion of water through the material, which can be slowed down in the case of a short
aliphatic co-monomer chain, such as that of malonyl chloride (m = 1) accompanied by more
complex cross-linked structures, as in the case of P1.
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Figure 4. [llustration of the enzymatic degradation of P5-P8 and the corresponding hydrolyzed products.

Table 2. Characterization of P5-P8 after enzymatic degradation using Lipopan® 50 BG.

M T AT H
1 n g g 6
Run Polymer (kDa) 2 ©C)3 ©C) 4 NMR 5 FTIR
1 P5 0.7 46 108 v v
2 P6 0.8 55 112 v v
3 P7 0.8 44 111 v v
4 P8 0.8 74 -7 v v

! Runs 1-4 are listed, following the same order as Table 1. 2 Determined in DMF (10 mM LiBr) at 50 °C.
3 Glass transition determined by DSC, temperature ramp 10 °C/min. * ATg = Tg(after degradation) —Tg(before
degradation). > 'H NMR of the hydrolyzed product in DMSO-dg, v: presence of hydroxyl signals. ® Infra-red of
the hydrolyzed product, v: presence of hydroxyl band. 7 No T was observed for P8 before degradation.

Examination of the 'H NMR spectra showed the appearance of new peaks in the region
of 5.53—4.59 ppm, which correspond to the hydroxyl protons of the hydrolyzed products
(SI, Figure S14). In agreement with the 'H NMR of P5-P8, FTIR showed the appearance
of a large hydroxyl vibration band at around 3350 cm ™! after enzymatic degradation (SI,
Figure S16). The enzymatic degradation was also checked using SEC to determine the
reduction in My, (SI, Figures S31-534). Notably, SEC and DSC also showed a considerable
degradation of P5-P8. For example, a significant decrease in My, of P7 from 12.5 kDa (run 7,
Table 1) to 0.8 kDa (run 3, Table 2) was observed. The thermal properties of the resulting
hydrolyzed products were also analyzed by DSC (SI, Figures 523-526). A great variation
of Tg from —67 °C to 44 °C (ATg = 111 °C) was registered. Notably, AT of P5-P8 was
found to be much larger than those recorded for P1-P4 (see Figure 5 for more information).
Such an increase in Ty can be due to a greater number of polymer chain cleavages that
lead to lesser chain entanglement, and in turn a higher degree of crystallinity. The increase
of crystalline portions within the oligomer chains can reduce molecular mobility, which
causes an increase in Tg and, in turn, ATg.
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Figure 5. Glass transition temperature (Tg) of P1-P8 before and after enzymatic degradation (No Tg
was observed for P8 and P2 before and after degradation, respectively).

4. Conclusions

Ring-chain tautomerism of furanoses (5-membered rings) and pyranoses (6-membered
rings) is very common in sugar chemistry. LGO was used as a starting material to produce
new renewable 5- and 6-membered Lactol-citro molecules (5SML and 6ML) with citronellol
side chains. The interconversion of both molecules was studied at a temperature ranging
from 25 °C to 65 °C and showed the expected higher occurrence of the more stable cycle
(6ML) at higher temperatures.

The polycondensation of the Lactol-citro mixture and aliphatic diacyl chlorides was
then performed in solvent- and catalyst-free conditions. New LGO-derived copolyesters,
with low Tg ranging from —57 °C to —67 °C, were formed. Furthermore, the analyses
showed that the citronellol chains were unexpectedly cross-linked during polymerization.
The enzymatic degradation of the polyesters, P5-P8, was then investigated in the presence
of Lipopan® 50 BG under the same conditions recently reported for P1-P4 polymers
obtained with Triol-citro and diacyl chlorides (m = 1-4). 'H NMR, FTIR, SEC and DSC
analyses showed a greater tendency to hydrolyze P5-P8 than P1-P4 when a lipase is used.
This was probably due to the formation of a less strained structure when 5SML and 6ML
were engaged, rather than Triol-citro monomer.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14102082/s1, NMR (Figures S1-514), FTIR (Figures S15-519),
DSC (Figures S20-526), TGA (Figures S27-530) and SEC (Figures S31-534).
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Abstract: Biosurfactants synthesized by microorganisms represent safe and sustainable alternatives
to the use of synthetic surfactants, due to their lower toxicity, better biodegradability and biocompati-
bility, and their production from low-cost feedstocks. In line with this, the present study describes
the physical, chemical, and functional characterization of the biopolymer secreted by the bacterium
Burkholderia thailandensis DSM 13276, envisaging its validation as a biosurfactant. The biopolymer
was found to be a glycolipopeptide with carbohydrate and protein contents of 33.1 £ 6.4% and
23.0 £ 3.2%, respectively. Galactose, glucose, thamnose, mannose, and glucuronic acid were detected
in the carbohydrate moiety at a relative molar ratio of 4:3:2:2:1. It is a high-molecular-weight biopoly-
mer (1.0 x 107 Da) with low polydispersity (1.66), and forms aqueous solutions with shear-thinning
behavior, which remained after autoclaving. The biopolymer has demonstrated a good emulsion-
stabilizing capacity towards different hydrophobic compounds, namely, benzene, almond oil, and
sunflower oil. The emulsions prepared with the biosurfactant, as well as with its autoclaved solution,
displayed high emulsification activity (>90% and ~50%, respectively). Moreover, the almond and
sunflower oil emulsions stabilized with the biosurfactant were stable for up to 4 weeks, which further
supports the potential of this novel biopolymer for utilization as a natural bioemulsifier.

Keywords: biosurfactants; thermostability; emulsion stability; rheology

1. Introduction

Surfactants are surface-active compounds comprising a structurally diverse group of
chemical compounds that include amino acids, carbohydrates, or proteins (the hydrophilic
functional head group) linked to a hydrophobic fatty acid carbon chain [1]. Due to their
amphiphilic nature, surfactants can accumulate at the interface of fluid phases of different
polarity degrees and reduce their surface tension. This particular feature of simultaneously
displaying a high affinity for polar and nonpolar compounds [2] supports the exploitation
of surfactants in a wide range of applications, including the bioremediation of chemical
contaminants, such as oil [3], organic compounds, and heavy metals [4], their utilization
as emulsion-stabilizing agents in food, biomedical, and cosmetic products [5,6], as well as
their use as antibiofilm and antifungal agents [7,8].

Despite the proven efficacy of synthetic surfactants (e.g., sodium dodecyl sulphate
(SDS), sodium lauryl sulphate (SLS), cetyltrimethylammonium chloride (CTAB), and
Triton-X 100) [9], biosurfactants synthesized by microorganisms have gained significant
attention over the last decade, due to the growing environmental concerns associated with
the negative impact of synthetic tensides on ecosystems. Biosurfactants are niche and
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present improved features, such as lower toxicity and better biodegradability and biocom-
patibility than their synthetic counterparts. According to several studies, biosurfactants
are biocompatible with human cells and might find use as fibroblast growth factors [10].
Moreover, they can be produced using low-cost agro-industrial feedstocks, which makes
the processes cost effective and environmentally sustainable [11,12].

Several microorganisms, including bacteria, yeast, and fungi, have been reported to
produce such surface-active molecules, which are secreted by cells, being either extracellu-
lar compounds or remaining attached to microbial cell surfaces [13]. They are classified,
according to their chemical composition, into several classes, including lipoproteins, gly-
colipids, phospholipids, neutral lipids or fatty acids, lipid—polysaccharide complexes, and
other polymeric microbial biosurfactants [14]. They can be further subdivided according to
their molecular weight (Mw). Low-Mw biosurfactants are able to reduce the surface tension
between different phases at low critical micelle concentrations (CMCs), while high-Mw
biosurfactants are better emulsion-stabilizing agents, but are less effective at reducing
surface tension [15]. This last group comprises polymeric biosurfactants, including polysac-
charides, lipopolysaccharides, glycoproteins, or mixtures of such macromolecules [16].
Several microbial genera, including Pseudomonas [17], Acinetobacter [18], Candida [19] and
Meyerozyma [20], have been reported to produce polymeric biosurfactants of different
chemical composition; the most studied are emulsan [18] and liposan [19].

Some biosurfactants were found to be highly stable over a wide range of physicochem-
ical conditions, such as temperature, pH, and/or salinity [21,22]. Many of the surfactants’
applications in the food, pharmaceutical, and cosmetic industries require the formula-
tions to be processed at temperatures above room temperature, with their sterilization or
pasteurization also being performed at high temperatures (150-121 °C) [23]. Therefore,
the relevance of thermostable surfactants is of paramount importance. Examples of ther-
mostable polymeric biosurfactants include biodispersan, which is secreted by Acinetobacter
calcoaceticus A2 [18], and Liposan produced by Candida lipolytica [19], which sustain pro-
cessing at temperatures up to 70 °C, without significant impacts on their emulsion-forming
and -stabilizing capacities.

In the last decade, a number of Burkholderia species have been exploited as biosur-
factant producers, including B. glumae [24], B. thailandensis [12], and B. plantarii [25], that
synthesize glycolipids with long alkyl chains. To the best of our knowledge, the ability
of B. thailandensis to produce polymeric biosurfactants has not been reported previously,
but some Burkholderia species secrete exopolysaccharides (EPSs) [26], capsular polysaccha-
rides [27], and lipopolysaccharides [28].

This study describes the physical, chemical, and functional properties of a novel
polymeric biosurfactant secreted by the bacterium Burkholderia thailandensis DSM 13276,
namely, its composition, structure, thermal and rheological properties, as well as its surface-
active properties and emulsion-forming and -stabilizing capacities. Furthermore, the
biopolymer’s stability over time and after autoclaving was also assessed.

2. Materials and Methods
2.1. Biosurfactant Production and Recovery

The biosurfactant was produced by cultivation of Burkholderia thailandensis DSM 13276
in Medium E* [29] supplemented with glucose (Scharlau, Barcelona, Spain) (10 g/L) and
terephthalic acid (synthesis grade, Merck) (20 g/L). Cultivation was performed ina 2 L
bioreactor (Jupiter 3, Solaris, Porto Mantovano, Italy) under controlled conditions of pH
(7.0), temperature (30 °C), and dissolved oxygen concentration (30% of the air saturation).
After 7 days of cultivation, the broth was collected and centrifuged (13,131 x g, 20 min) for
cell removal. The biosurfactant was recovered from the cell-free supernatant (1700 mL)
by diafiltration/ultrafiltration in a crossflow module (Sartocon Slide Holder, Sartorius,
Gottingen, Germany), using a 30 kDa molecular weight cut-off membrane (Hydrosart,
Sartorius, Gottingen, Germany), with a surface area of 0.1 m?. The module was operated in
diafiltration mode by continuously adding fresh deionized water to the supernatant vessel,
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thus maintaining the retentate volume constant (~1700 mL) for the removal of low-Mw
compounds, until the conductivity reached a value below 10 uS/cm. Subsequently, the
module was operated in ultrafiltration mode (water addition to the retentate vessel was
stopped) and the retentate was concentrated to a final volume of 500 mL. The concen-
trated retentate was freeze-dried (ScanVac CoolSafeTM, LaboGene, Lillerod, Denmark) and
3.07 £ 0.69 g of biosurfactant was recovered and stored in a closed vessel.

2.2. Biosurfactant Characterization
2.2.1. Composition

Freeze-dried samples (~5 mg) were dissolved in deionized water (~5 mL) and hy-
drolyzed with trifluoroacetic acid (100 puL, Sigma-Aldrich, St. Louis, MO, USA) at 120 °C
for 5 h [30]. The filtered hydrolysate was used to identify and quantify the constituent
sugar monomers by liquid chromatography (HPLC), using a Thermo Carbopac PA10
250 x 4 mm + Aminotrap column (DIONEX ICS3000, equipped with a PAD detector).
The analysis was performed at 25 °C, with NaOH (4 mM) as the eluent, at a flow rate
of 1 mL/min. D-(+)-galactose (Fluka), L-thamnose monohydrate (Fluka), D-glucuronic
acid (Alfa Aesar, Haverhill, MA, USA), mannose (Sigma-Aldrich), and glucose (Scharlau,
Barcelona, Spain) were used as the standards at concentrations between 0.005 and 0.1 g/L.
The anthrone assay [31] was used to estimate the total carbohydrate content of the biosur-
factant. Briefly, about 0.125 mg of anthrone (Sigma-Aldrich) was dissolved in a 97% (v/v)
sulfuric acid (Sigma-Aldrich, HPLC grade) solution in a water and ice bath. The anthrone
solution (2.5 mL) was mixed with 0.5 mL of the biosurfactant solution at a concentration of
1.0 g/L. The samples were hydrolyzed at 100 °C for 14 min, and, after cooling to room tem-
perature, their optical density was measured at 625 nm. Glucose solutions (0.005-0.5 g/L)
(Scharlau) were used as the standards.

For total protein content determination, 5.5 mL of the biosurfactant solution (0.9 g/L)
was mixed with 1 mL of 20% (w/v) NaOH (eka, Sao Domingos de Rana, Portugal) and
placed at 100 °C for 5 min. After cooling on ice, 170 pL of CuSO4 5SH,0 (25%, w/v) was
added, and the solution was agitated. The samples were centrifuged (3500 g, 5 min)
and the optical density was measured at 560 nm [32]. Albumin (Sigma-Aldrich) solutions
(0.05-1.75 g /L) were used as the protein standards. For assessing the presence of lipids
in the biosurfactant, 1 mL of the biosurfactant solution (10 g/L) was mixed with 25 uL of
the cationic dye Nile blue A (Sigma-Aldrich). The solution was visualized by fluorescence
microscopy (BX51, Olympus, Tokyo, Japan). Distilled water was used as a negative control.
The samples’” water content was evaluated by subjecting 50 mg of the biosurfactant to a
temperature of 100 °C until constant weight was reached. The total inorganic content was
evaluated by subjecting the oven-dried biosurfactant sample to pyrolysis at a temperature
of 550 °C for 24 h [30].

For all analyses, the results were representative of 3—4 independent experiments and
are presented as the mean value + standard deviation.

2.2.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy with diamond ATR (attenuated total
reflectance) was used to collect the spectrum of the samples with a Perkin Elmer Spectrum
Two FT-IR spectrometer (Perkin Elmer Inc., Waltham, MA, USA), equipped with a lithium
tantalate (LiTaO3) detector with an SNR (signal-to-noise ratio) of 14.500:1. The resolution
was 0.5 cm~! and the number of scans was 8. The samples were placed in the absorbance
chamber and corrected by applying the ATR correction function of the Perkin Elmer
Spectrum software in the region of 4500-500 cm 1.

2.2.3. Molecular Mass Distribution

The molecular number (Mn), average molecular weights (Mw), and polydispersity in-
dex (PDI = Mw/Mn) of the biosurfactant were obtained by size-exclusion chromatography,
coupled with multi-angle light scattering (SEC-MALS). The biosurfactant was dissolved in
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0.1 M Tris-HCI + 0.2 M NaCl (which was also the SEC mobile phase), pH 8.09 buffer, at a
concentration of 2 mg/mL. The SEC columns (PL Aquagel-OH mixed 8 pm; 300 x 7.5 mm),
protected by a guard column (Polymer Laboratory; 50 x 7.5 mm, part no. 1149-1840), were
equilibrated overnight before running the analysis at a flow rate of 1 mL/min at room
temperature. Each analysis was conducted in duplicate. The purity and molecular mass
distribution of the polysaccharide were monitored with MALS and RI detectors. These
data were analyzed with Astra software (V 4.73.04). A dn/dc of 0.190 mL/g was adopted
to calculate the Mw.

2.2.4. Thermal Properties

A thermogravimetric analysis (TGA) was performed using a Thermogravimetric
Analyzer Labsys EVO (Setaram, Lyon, France). The samples were placed in aluminum
crucibles and heated from room temperature to 550 °C, with a heating rate of 10 °C/min, in
air. The thermal degradation temperature (Tgeg, °C) corresponds to the temperature value
obtained for the maximum decreasing peak of the sample mass. A differential scanning
calorimetry (DSC) analysis was carried out in a DSC 131 (Setaram, France). The samples
were placed in an aluminum pan and analyzed at temperatures ranging between 25 and
3000 °C, and heating and cooling rates of 10 °C/min were imposed.

2.2.5. Rheological Behavior

The apparent viscosity of the samples (biosurfactant aqueous solution, 10 g/L; au-
toclaved biosurfactant solution, 10 g/L; biosurfactant emulsions) was studied using a
controlled-stress rheometer (Anton Paar MCR92, Madrid, Spain) coupled with a plate and
parallel cone geometry. Each sample, 500 uL, was loaded onto the plate and the flow curves
were obtained for a shear rate range from 0.01 to 1000 s~!, at 25 °C, with a 5 mm gap setting.
The experimental data in the linear region of the flow curves were fitted using the power
law model [33].

- (n-1)

n = Kxy (1)

where n is the flow behavior index, 1 is the shear rate, 11 is the viscosity of the solution, and
K is the consistency index.

2.3. Surface-Active Properties

The biosurfactant was dissolved in MilliQQ water at concentrations ranging from
0.1 to 5.0 g/L, and the surface tension of the solutions was determined by the pendant
drop method [34] using a tensiometer (Kruss, Advance), at room temperature. The crit-
ical micelle concentration (CMC) was determined by plotting the surface tension as a
function of the polymer concentration, and it was taken as the point where the slope of
the curve abruptly changed. The results were expressed as the mean of three solution
drops =+ standard deviation.

2.4. Emulsion-Forming and -Stabilizing Capacities

The emulsification activity (EA) of the biosurfactant was evaluated against three hy-
drophobic compounds, namely, benzene (Sigma Aldrich), as well as almond and sunflower
oils (purchased from a local market). Two milliliters of the biosurfactant solution (10 g/L)
and 2 mL of each hydrophobic compound were mixed in the test flasks. The mixtures were
vigorously vortexed for 1 min and allowed to stand for 24 h at room temperature. The EA
(%) was calculated as follows [30]:

EA = he x 100 2)

hr
where he (mm) is the height of the emulsion layer and ht (mm) is the overall height of
the mixture. Distilled water was used as a negative control, for which no emulsion was
observed, and the chemical surfactant Triton X-100 (10 g/L) was used as a positive control.
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The results were representative of three independent experiments and are presented as the
mean value &+ standard deviation.

The emulsions were left at room temperature for 4 weeks to study their stability over
time. The autoclaved biosurfactant solution was used to prepare emulsions against benzene,
as described above, and the EA was determined at 24 h and at 2 weeks. The rheological
properties and the surface tension of the autoclaved biosurfactant solution, as well as the
viscosity of the resulting emulsions, were determined as described above.

3. Results and Discussion
3.1. Biochemical and Structural Characterization of the Biosurfactant

The biosurfactant produced by B. thailandensis had total protein and carbohydrate
contents of 23.0 £ 3.2% and 33.1 £ 6.4%, respectively. Furthermore, the fluorescence
examination after Nile blue staining demonstrated a positive reaction to the presence of
lipidic groups (Figure S1), thus revealing the biosurfactant’s glycolipopeptide nature. The
carbohydrate fraction of the biosurfactant was composed of galactose, glucose, rhamnose,
mannose, and glucuronic acid, in a relative molar ratio of 4:3:2:2:1 (refer to Figure S2
for supporting information on the compositional analysis of the carbohydrate fraction of
the biosurfactant). The same sugar monomers were identified in the composition of the
glycolipopeptide biosurfactants produced by an alkaliphilic bacterium Klebsiella sp. strain
RJ-03, but with different relative sugar monomer contents [35]. Similar macromolecule
profiles were also reported for the glycolipoproteins produced by Lactobacillus plantarum
ATCC 8014 [36], Lactobacillus pentosus CECT-4023T [37], and Stenotrophomonas maltophilia
UCP 1601 [38], which were composed of 14-28% carbohydrate and 12.6-28.2% protein.
To the best of our knowledge, the ability of B. thailandensis to produce glycolipopeptide
biosurfactants has not been documented in the literature.

The freeze-dried biosurfactant had a moisture content of 7.8 £ 0.0% and no ashes
were detected upon incineration of the biosurfactant at 550 °C, thus demonstrating that the
extraction procedure was effective in eliminating salts from the sample.

The FTIR spectrum of the biosurfactant (Figure 1A) confirmed the presence of carbo-
hydrates, lipids, and proteins. The presence of aliphatic chains (-CH2 and —-CH3 groups) is
suggested by the peaks that appeared at around 2925 cm ™!, which can be attributed to the
~CH stretching vibrations [35]. The peak at 3284 cm™ suggests the presence of stretching
vibrations from the -NH of the peptide portion [39]. Furthermore, the spectrum points
to the presence of stretching vibrations in the transmittance region of 1635 cm ! (amide I
bond) and 1547 cm~! (amide II bond), thus confirming the presence of proteins [40]. The
peaks located in the region between 1260 and 1025 cm ! can be assigned to the ether bond
(C-0O) [41], a stretching vibration in sugars, and the glycosidic bonds present in polysaccha-
rides (C-O-C) [41], respectively. Similar FTIR spectra were reported for the biosurfactants
synthesized by other nonpathogenic species, such as Lactococcus lactis CECT-4434 [41],
Lactobacillus pentosus [42], and Corynebacterium kutscheri [43].

The B. thailandensis biosurfactant had an Mw of 1.0 x 107 Da (refer to Figure S3 for sup-
porting information on the SEC-MALS analysis of the biosurfactant), a value that is within
those reported for other polymeric biosurfactants of microbial origin (from 5.0 x 10* Da
to above 1.0 x 107 Da) [44], but higher than the values reported for the glycolipopep-
tides produced by the Klebsiella sp. strain RJ-03 (2.2 x 10°-2.7 x 10° Da) [35] and the
proteoglycan-based bioemulsifier produced by the oleaginous yeast Meyerozyma caribbica
(3.0 x 10° Da) [20]. The low PDI value of the biosurfactant (1.66) shows the homogeneity
of the macromolecule’s chain length.

3.2. Thermal Properties

The thermal degradation curve of the B. thailandensis biosurfactant (Figure 1B) dis-
played three mass loss regions. The first degradation step, with a weight loss of around
7%, occurred between 50 and 140 °C, and can be attributed to water evaporation [30].
This shows the biosurfactant’s ability to absorb moisture, which is in agreement with the
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sample’s moisture content (7.8 £ 0.0%). The largest mass loss, around 40%, occurred
between 180 and 340 °C, and is probably associated with the decomposition of proteins
and polysaccharide side chains [45,46]. At higher temperatures, gradual weight loss was
observed, associated with the third step of thermal degradation, wherein polymer main-
chain scission occurred [47], resulting in a char yield of 33%. A similar profile was reported
for biosurfactants composed of protein and carbohydrate moieties linked to lipids [35].
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Figure 1. (A) FTIR spectrum of the freeze-dried biosurfactant; (B) TGA thermogram (full blue line)
and DSC curves (dotted grey line) of B. thailandensis freeze-dried biosurfactant.

The DSC spectra of the biosurfactant displayed an exothermic peak at 139 °C, which cor-
responds to the first degradation step observed in the polymer’s TGA analysis (Figure 1B),
attributed to water evaporation. The spectrum also displays an endothermic peak at 255 °C
(Figure 1B), which corresponds to the thermal degradation of the proteins and polysaccha-
ride side chains of the polymer, as shown by the TGA thermogram.

3.3. Rheological Behavior

The B. thailandensis biosurfactant aqueous solution (10 g/L) displayed non-Newtonian
fluid behavior with shear-thinning properties (Figure 2A), with the viscosity decreasing for
increasing shear rates. This behavior is typical of high-molecular-weight polymers, and is
frequently reported for biosurfactant solutions [48-50]. It occurs due to the reduction in
intermolecular interactions between polymer chains, as a consequence of their alignment
in the flow direction [51]. The solution presented apparent viscosity of 7.12 Pa.s, at a shear
rate of 0.01 s~!, with a flow behavior index (n) of 0.44, which is in agreement with its shear-
thinning behavior (0 < n < 1) [52], and a consistency index of 1.97, according to the power
law model (refer to Figure 54 for supporting information on fitting the power law model).

3.4. Surface-Active Properties

As shown in Figure 3, the surface tension decreased as the biosurfactant’s concentra-
tion increased from 0.1 to 1.0 g/L, remaining unchanged for higher concentrations. The
corresponding CMC was roughly 0.84 g/L, which is within the values reported for other
biosurfactants (1.0 mg/L-2.0 g/L) [53]. The B. thailandensis biosurfactant outperforms syn-
thetic surfactants such as SDS [40] and SLS [54], which display CMC values of 2.0-2.9 g/L,
as well as the biosurfactant glycolipoprotein produced by a Bacillus sp. isolated from corn
steep water, with a reported CMC value of around 1.81 &+ 0.21 g/L [10].
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Figure 2. Flow curves of (A) B. thailandensis biosurfactant aqueous solution at a concentration of 10 g/L
(at 25 °C) and (B) the sunflower oil emulsion stabilized with B. thailandensis biosurfactant (at 25 °C).
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Figure 3. Surface tension of B. thailandensis biosurfactant solutions at concentrations ranging from
0.1 to 5.0 g/L and images of the biosurfactant’s emulsions with almond oil (A), sunflower oil (C),
and benzene (E), after standing for 24 h. The chemical surfactant Triton X-100, at the same concentra-
tion, was used to prepare emulsions with the same hydrophobic compounds (B,D,F, respectively)
for comparison.
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At the CMC, the B. thailandensis biosurfactant lowered the water’s surface tension
to 40.31 &+ 0.26 mN/m. This value, which corresponds to the surfactant effectiveness, is
higher than those defined for good surfactants (25-30 mN/m) [55,56], but it is similar to
those reported for a number of microbial biosurfactants, including the long-chain fatty
acid anionic biosurfactants produced by the bacterium M87 Microbacterium sp. (around
40 mN/m) [57], the glycolipids produced by Arthrobacter sp. DSM2567 (40 mN/m) [58],
the lipopeptides produced by Bacillus sp. isolates (39.3 = 0.6 and 37.7 &+ 0.6 mN/m) [10],
and the glycolipopeptide produced by Klebsiella sp. (40.36—-69.09 mN/m) [35]. On the
other hand, polymeric biosurfactants, such as glycolipoproteins, despite not significantly
lowering the water’s surface tension, are generally more effective in the formation and
stabilization of emulsions [15].

3.5. Emulsion-Forming and -Stabilizing Capacities

The emulsion-forming and -stabilizing capacities of the B. thailandensis biosurfactant
were evaluated against three organic phases, namely, benzene, almond oil, and sunflower
oil (Figure 3). For comparison, emulsions were also prepared with the chemical surfactant
Triton X-100. As shown in Figure 3A,C,E, the B. thailandensis biosurfactant was able
to strongly emulsify all the tested hydrophobic compounds, with high EA values, as
follows: 92.0 &= 4.1% and 93.3 = 0.2% for the almond and sunflower oils, respectively, and
100.0 &= 0.0% for benzene. These results show that the biopolymer is a good emulsifier
(EA > 50%) [59]. Moreover, for all the tested compounds, the biosurfactant outperformed
Triton X-100 (Figure 3B,D,F), as shown by the lower EA values observed for the Triton X-100
stabilized emulsions, as follows: 60.4 + 2.0%, 55.4 + 0.2%, and 43.9 + 0.2% for almond oil,
sunflower oil, and benzene, respectively. Similar results were reported by [60] for emulsions
with oleic acid stabilized by jatropha oil-derived sophorolipids, which performed better
than Triton X-100. Considering the fact that a stable emulsifier is able to maintain 50%
emulsion of its original emulsion volume 24 h after its formation, the B. thailandensis
biosurfactant has demonstrated good potential for advantageously replacing Triton X-100
in its applications as a surface-active agent, such as, for example, in the bioremediation of
contaminated soils [3], or as an emulsifier for food and cosmetic products [5,6].

The sunflower emulsions stabilized with the B. thailandensis biosurfactant exhibited
non Newtonian fluid behavior (Figure 2B), similar to that of the biopolymer’s aqueous
solution (Figure 2A), but with a significantly higher apparent viscosity (62.84 Pa.s, measured
at a shear rate of 0.01 s™!) than the biosurfactant’s solution (7.12 Pa.s). Concomitantly,
the emulsion’s consistency index was also significantly higher (8.55) than that of the
biosurfactant’s solution (1.97). Furthermore, the emulsion was more shear thinning, as
shown by its flow behavior index (0.33, compared to 0.44 for the biosurfactant’s solution)
(refer to Figure S4 for supporting information on fitting the power law model).

The emulsions prepared with the almond and sunflower oils were stable for 4 weeks,
with their EA being practically unchanged (Figure 4). This stability could be due to
the uronic acid and proteinaceous components of the B. thailandensis biosurfactant, since
they have the capacity to adsorb at the oil/water interface and, consequently, develop a
viscoelastic layer surrounding the lipid droplets, preventing coalescence and flocculation
of the droplets in the dispersant phase [35,61]. Similar results were obtained by [62,63],
which suggested that emulsions formed between lipopeptide biosurfactants and long-chain
hydrocarbons (e.g., diesel) possess higher stability.

3.6. Thermal Stability

The thermal stability of the B. thailandensis biosurfactant was evaluated by expos-
ing the biopolymer in an aqueous solution to a temperature of 121 °C in an autoclave
(0.98 bar) for 20 min. Interestingly, the treated solution maintained its shear-thinning
behavior, with a slight increase in the flow behavior index value (0.46) compared to the
untreated biosurfactant solution (0.44) (refer to Figure S4 for supporting information on
fitting the power law model). The thermally treated biosurfactant also maintained a surface
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tension value of 40.36 + 0.5 mN/m, which was identical to that of the untreated solution
(40.31 & 0.26 mN/m), thus confirming its thermal stability.

The emulsifying ability of the treated biosurfactant, on the other hand, was negatively
affected, with a reduction in the EA to 50.5 & 0.9%, which is around half of the value
observed for the non-treated biosurfactant (100.0 & 0.0%). Different biosurfactants (e.g.,
glycolipids) also showed a slight decrease in the emulsifying capacity after heat treatment
at similar temperatures [64]. Nevertheless, the value is still within the range reported
for good EA (>50%) [59]. Moreover, Triton X-100 also suffered a similar reduction in its
emulsification ability, as the EA of the emulsions stabilized with the autoclaved compound
also reduced from 43.9 + 2.1% to 33.4 £ 5.2%. These results underline the potential of
the B. thailandensis biosurfactant for use, for example, in the food industry, in which the
temperatures are elevated during processing or the final product is consumed.
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Figure 4. EA of the biosurfactant produced by B. thailandensis, at a concentration of 10 g/L, emulsified
with almond oil (A) and sunflower oil (B) for 4 weeks (gray bars). The chemical surfactant Triton
X-100 (white bars) was used for comparison, at the same concentration.

4. Conclusions

The glycolipopeptide biosurfactant secreted by Burkholderia thailandensis DSM 13276
was demonstrated to possess valuable surface-active properties, namely, a low CMC and
high EA for almond and sunflower oils, and for benzene. Moreover, the biosurfactant
showed good thermostability, with a thermal degradation temperature above 200 °C, and
the ability to maintain stable rheological and surface-active properties, as well as good
EA after exposure to elevated temperatures and pressure. These findings support the
utilization of the B. thailandensis biosurfactant as an emulsion-forming and -stabilizing
agent in food and/or cosmetic products/processing, and for bioremediation.
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Abstract: The purpose of this work is the synthesis of adipic acid ester and the study of the possibility
of its use as a PVC plasticizer. The resulting butyl phenoxyethyl adipate was characterized by
Fourier-transform infrared spectrometry, thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The compatibility, effectiveness and plasticizing effect of butyl phenoxyethyl
adipate in comparison with dioctylphthalate (DOP) were determined. The new environmentally
friendly plasticizer has good compatibility with PVC and high thermal stability. The effectiveness of
the plasticizing action of adipate based on the glass-transition temperature was 132.2 °C in relation
to pure PVC and 7.7 °C in comparison to compounds based on DOP. An increase in the fluidity of
the melt of polyvinyl chloride (PVC) compounds in the temperature range of 160-205 °C by 19-50%
confirms a decrease in the energy intensity of the processes of manufacturing and the processing of
polymer materials containing a new additive.

Keywords: adipate; effective plasticizer; environmentally friendly; esterification; polyvinyl
chloride; technological

1. Introduction

Modern polymeric materials are high-quality substitutes for natural raw materials
with valuable qualities, many of which are not inherent in natural materials. For this reason,
polymeric materials are widely used and are reliably and effectively used in almost every
sector of the world economy. The cumulative global production of polymer materials since
the 1950s is 8.3 billion tons [1]. Plastic production over the past 13 years has totaled more
than 300 million tons annually [2].

It is also important that the use of polymers contributes to the low-carbon development
of the economy [3,4]. For example, plastic wrap films are lighter and more packable, which
means less energy consumption and a smaller carbon footprint [5]. The amount of carbon
dioxide emissions during the production (kg of CO, per 1 kg of products) of an aluminum
can is 11.4 and that of PVC is 4.4 [6,7]. Plastic is an element of a circular economy, and its
use allows the spending of resources more economically [8-14].

However, despite the enormous economic effect that is achieved when polymer mate-
rials are introduced into industry and everyday life, the environmental safety of their use is
of great importance [15,16].

Currently, the composition of polymer materials includes various chemical additives
that are systematically released during the manufacture, processing and operation of
products, polluting the environment and possibly penetrating into the human body [17-19].

To reduce their negative impact, it is necessary to ensure the environmental safety of
polymeric materials when creating plastics and when developing technological regulations
using non-toxic additives [20,21].

Today, polyvinyl chloride in terms of consumption takes third place after polyethy-
lene and polypropylene; therefore, the development and use of environmentally friendly
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biodegradable additives for these polymers is relevant, which contributes to solving the
urgent problem of environmental pollution with plastic waste [22].

Renewable sources based on plant materials or their production waste to be utilized as
fillers for regulating the biodegradability of polymer composite materials are an alternative
for the development of economically and environmentally attractive technologies [23].
However, such polymer composite materials are inferior in physical, mechanical, tech-
nological and operational characteristics to traditional polymers. For this reason, it is
advisable to modify polymer compositions using plasticizers capable of serving as a source
of organic substances for microorganism-destructors under ambient conditions [24,25].

The expansion of applications for plasticizers since the 1960s has contributed to the
search for new competitive additives [26]. In market conditions, phthalate plasticizers
turned out to be the most economical and in demand [27]. According to expert data, in 2019,
the capacity of the global market of plasticizers is about 8 million tons [28]. Of these,
the phthalate-free market constitutes 35% of the total [29]. Among diester plasticizers,
phthalates occupy more than 80% of the market [30].

DOP takes first place in terms of production and consumption [31]. DOP has optimal
plasticizing properties at a low cost and is the main standard by which other plasticizers
are compared.

However, due to the migration of DOP from polymer products and its identified
toxicity, the share of consumption of this plasticizer tends to gradually decrease.

The demand for phthalate-free plasticizers around the world is gradually increas-
ing. Among phthalate-free plasticizers, adipic acid esters are in the lead in terms of
consumption [32].

For this purpose, it is possible to use biodegradable plasticizers in the formulations
of PVC compositions, for example, esters of adipic acid [33,34]. In numerous works, the
biotoxicity and the period of biodegradation of the industrial adipate plasticizer DOA were
investigated, and it was shown that this additive for PVC is non-toxic to various types of
living microorganisms and that the period of its biodegradation is 6 months [35].

The relevance of the transition to green technologies contributes to the expansion of
research on the production of adipic acid from raw materials on a biological basis using
chemical and/or biological processes [36-39]. The industry of end users of adipic acid is
increasingly inclined towards the use of bioadipic acid [40].

Plasticizers based on other acids are known and used [41], for example, citrates [42],
but the cost of their production is much higher [43].

Esters of succinic acid are a renewable resource, which makes them an attractive
promising starting material for industrial production [44]. For this reason, succinates are
increasingly replacing terephthalic acid esters [45]. Test results have shown that the plasti-
cizing properties of succinates improve with an increase in the length of the hydrocarbon
chain, while the biodegrading properties deteriorate [46,47].

Trimellitates are somewhat inferior to phthalate plasticizers in terms of frost resistance
of plastic compounds [48].

The consumption of epoxy plasticizers has increased in recent years due to the avail-
ability of vegetable oils [49]. Three oils are mainly used as raw materials for production:
soybean, linseed and tall oil [50]. These plasticizers are not fluid, increase resistance to heat
and ultraviolet light, have low migration and low toxicity and increase the frost resistance
of the material, and, with increases in the content reduce the stability of film properties in
a humid atmosphere and sweat with increasing temperature. As a rule, they are used in
conjunction with small amounts of low-molecular-weight plasticizer.

Known plasticizer based on castor oil, which is gradually hydrogenated, esterified and
acetylated to obtain triacetylated monoglyceride ester. The disadvantage of using castor
oil as a feedstock is that products based on it are more expensive than phthalates, and the
world supply of castor oil is limited [51].

Another type of natural-product-based plasticizer is acetylated soybean oil [43]. Tech-
nology converts epoxy groups in epoxidized oil into esters of vicinally diacetylated fatty
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acids. The technology can potentially be expanded to produce a variety of similar epoxy
plasticizers [52].

Another example of the use of natural raw materials is the creation of bioplasticizers
based on sucrose esters, which are also a renewable resource. Their content in molasses,
a waste product of sugar beet production, is approximately 45%. In addition to the plasti-
cizing effect, esters of sucrose and fructooligosaccharides have an antimicrobial effect [53].
Sucrose palmitate and glucose hexanoate were studied as bioplasticizers [54]. The esters
showed good miscibility with PVC and good plasticization efficiency, as well as good me-
chanical properties in the form of higher strain at break and a lower modulus of elasticity.

Methods for processing polymer composite materials are characterized by high manu-
facturability, productivity, a high degree of automation, minimum energy consumption
and the ability to manufacture several products of complex shape in one molding cycle [55].
The achievement of the desired characteristics of polymer composite materials is primarily
determined by the type, quantity and ratio of components.

Taking into account the above factors, the development of environmentally friendly
additives that contribute to the high manufacturability, productivity and minimal en-
ergy consumption of the processing and manufacturing of polymer composite materials
is relevant.

In addition, it is important that the resulting additives contribute to solving the
environmental problem of plastic pollution and render polymers biodegradable.

The introduction of plasticizers into the PVC composition formulation promotes a
targeted change in the structure and properties of the polymer, which definitely leads to
an improvement in the rheological and physicomechanical characteristics of the resulting
compound: strength, frost resistance and brittleness, hardness, melt flow rate, impact
strength and manufacturability, as well as thermal, electrophysical and other properties
of polymers [56,57]. According to the studies, the manufacturability of PVC composite
processing is evaluated according to the rheology of the melts. A fairly reliable and
widespread method in practice is to determine the processability of polymers by the value
of the melt flow rate (MFR). This indicator allows the establishment of a temperature range
for the processing of the polymer composition and provides the necessary conditions for
its implementation.

In this regard, when developing new environmentally friendly plasticizers, it is impor-
tant to determine their effect on the processing of polymer composite materials. In order
to create resource- and energy-saving technologies, additives are needed to ensure these
characteristics. Therefore, in this work, technologically important characteristics of the
developed plasticizers were studied: thermal stability, compatibility and rheology.

2. Materials and Methods
2.1. Starting Materials

Adipic acid was purchased from Radici Group, Selbitz-Hochfranken, Bavaria, Ger-
many. Butanol and phenol were purchased from The Company «Rearus», Moscow, Russia.
Ethylene oxide was purchased from ECOTECH Chemical Components Plant, Moscow,
Russia. Sodium hydroxide was purchased from Joint Stock Company “Caustic”, Sterlita-
mak, Russia, it is a white solid with a main substance content of 98.2%. P-Toluenesulfonic
acid was purchased from Component-Reagent, Moscow, Russia, it is a white solid with a
main substance content of 95%. Toluene was purchased from Public Joint-Stock Company
“Joint-Stock Oil Company Bashneft”, Ufa, Russia. It is a colorless liquid with a characteristic
smell and a main substance content of 99%. Suspension polyvinyl chloride (PVC) (Joint
Stock Company “Caustic”, Russia, Sterlitamak): industrial samples of PVC 7059M.

2.2. Synthesis Methods
2.2.1. Synthesis of Phenoxyethol

A calculated amount of phenol and sodium hydroxide catalyst was loaded into a
round-bottomed chemical reactor equipped with a thermometer, magnetic stirrer, reflux
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condenser and a special device for introducing ethylene oxide into the prepared reac-
tion mass.

The reaction mixture was heated to 130 °C and then purged with nitrogen to remove
air. Further, with a working magnetic stirrer, the prepared ethylene oxide was gradually
introduced. The required ethylene oxide feed rate was adjusted accordingly, so that the
unreacted oxide condensed in the reflux condenser and was returned to the chemical
reactor without flooding. After feeding all of the required amount of ethylene oxide,
the temperature of the reaction mixture was maintained in the specified range for another
1-1.5 h and then gradually cooled to room temperature.

The catalyst was neutralized with a calculated amount of sulfuric acid, and the result-
ing mass was filtered. Then a fraction was distilled from the reaction mixture, boiling at
50 °C at 10 mm Hg.

2.2.2. The Synthesis of Butyl Phenoxyethyl Adipate

Butyl phenoxyethyl adipate was obtained by the sequential esterification of adipic
acid. Initially, solvent (150 mL), adipic acid (146 g, 1 mol) and alcohol (1 mol) were loaded
into the reactor in a 1:1 ratio. The the heating was turned on. The required amount of
catalyst was added (1% by weight). The reaction mass was bubbled with an inert gas.
The heating of the reaction mixture continued for 1 h. Phenoxyethanol (1.2 mol) was then
added, and heating continued for another 2 h. The reaction was monitored by the acid
number of the esterificate and the amount of released water. The reaction mixture was
cooled, and the target ester was isolated.

2.3. Methods of Analysis
2.3.1. Analysis of Physicochemical Parameters of Butyl Phenoxyethyl Adipate

An analysis of physicochemical characteristics was carried out in accordance with
the regulatory requirements for plasticizers [58,59]. For this, the following indicators were
determined: acid number, ester number and density.

2.3.2. Characterization of Butyl Phenoxyethyl Adipate

An analysis was performed by FTIR spectroscopy on an FTIR-8400S FTIR spectrometer
(Shimadzu, Kyoto, Japan). For this, KBr tablets were prepared according to the standard
procedure. The IR absorption spectra of the target product were recorded in the range
3700-450 cm ™! at room temperature. The resolution was 4 cm~!, and the number of scans
was 20.

2.3.3. High-Performance Liquid Chromatography

The study of the resulting product was carried out using HPLC (LC-10 from SHI-
MADZU, Kyoto, Japan) in reverse phase mode. A model refractometric detector (RIDK
101, Prague, Czech Republic) was used as a detector. To separate the components, columns
(150 x 4.6 mm) filled with Separon-C18 sorbent (particle size 5 um) were taken. Separation
was carried out in an acetonitrile-water eluent system taken in a 67/33 volumetric ratio.
The flow rate of the eluent was 0.5 mL/min. The volume of injected samples was 10 uL.
Quantitative analysis was performed using the absolute calibration method. Calibration
solutions contained adipic acid, alcohols and esters.

2.3.4. Determination of PVC Compatibility with Plasticizer

This indicator was evaluated by the critical temperature of thedissolution of the syn-
thesized ether in polyvinyl chloride. For this, 0.5 g of polymer was mixed with 5 g of
plasticizer, and the mixture was gradually heated at a rate of 2 °C per minute, and the
change in the appearance of the contents of the test tube was visually determined. The criti-
cal dissolution temperature was taken as the temperature at which PVC was completely
dissolved in the studied plasticizer and the solution became transparent. The indicator was
calculated as the average value of at least three measurements.
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2.3.5. Thermogravimetric Analysis of Butyl Phenoxyethyl Adipate

Themoanalytical studies were carried out on a TGA /DSC-1 thermal analysis device
(Mettler Toledo, Uster, Switzerland).

The thermal stability of the product was investigated in a dynamic mode at a constant
heating rate of 5 deg/min in the temperature range from 25 to 500 °C in air. For the
experiment, the weight of the weighed portion of the sample was 5-10 mg. Crucibles with
a volume of 100 pL were made of aluminum oxide. The results were processed using
a computer.

2.3.6. Differential Scanning Calorimetry of Butyl Phenoxyethyl Adipate

DSC analysis of the product was performed on a DSC-1 instrument (Mettler Toledo,
Uster, Switzerland).

The analysis was carried out in the temperature range from —50 to 150 °C in air in a
dynamic mode with a constant heating/cooling rate of the sample—10 deg/min. To carry
out the analysis, crucibles made of aluminum with a volume of 40 puL were used, which
with a sample weighing 4-8 mg was sealed with a lid using a press. The results were
processed using a computer. The final cooling temperature of the sample was —100 °C.

2.3.7. Determination of Glass Transition Temperature

The glass transition temperatures of PVC composites containing the developed plasti-
cizers were determined by differential scanning calorimetry on a device DSC-1 (Mettler
Toledo, Uster, Switzerland).

The glass-transition temperature was determined by DSC on a DSC-1 instrument
(Mettler Toledo) in dynamic mode at a constant heating rate of 2 K/min. The analysis
was carried out in the temperature range from —100 to 100 °C in air. The mass of the
sample taken for measurements was 4-8 mg. For the analysis, aluminum crucibles with
a volume of 40 pL. were used. A weighed portion of the sample was placed in a crucible
and sealed with a lid using a press. After quenching at 90 °C for 5 min, the sample was
heated to 100 °C at a rate of 2 °C/min. The first heating cycle was used to remove any
heat history. The glass-transition temperature of the polymer was determined from the
DSC curve obtained in the second heating cycle of the sample using the supplied software.
Using the tangent method, the middle of the bend (step) on the curve was determined,
which was taken as the glass-transition temperature.

To assess the effect of the synthesized ether on the glass-transition temperature, PVC
composition were made: 50 parts by weight of plasticizer per 100 parts by weight of PVC.
The composition of the plasticizer was, in ppm, DOP: 83.3 and adipate plasticizer: 16.7.

2.3.8. Determination of the Melt Flow Rate

The melt flow rate (MFR) was estimated by capillary viscometry using an IIRT-AM
plastometer (International Standard 1133-1:2011(E)). The MFR value corresponds to the
mass of the polymer in grams flowing out of the capillary (capillary 8 mm long, 2.09 mm in
diameter) of the device in 10 min at a certain temperature and pressure. The MFR of PVC
composites was measured in the temperature range 160-205 °C at a load of 49N. A total
of 4-5 g of the investigated PVC composition was introduced into the device heated to
a predetermined temperature and kept under pressure for 5 min, then the capillary was
opened, carrying out the outflow of the composition melt.

To measure the MFR parameter, at least five extruded segments of the composite were
used, cut off at certain equal time intervals. The mass of the obtained extruded sections
with an error of not more than 0.0001 g was measured after they were cooled. The value of
the MFR parameter was calculated by the Equation (1):

MFR = (m % 600) /¢ 1)

179



Polymers 2022, 14, 1888

where m—average mass of extruded segments, g; t—time interval between two consecutive
cutoffs of segments, sec.

3. Results
3.1. Synthesis of Ethoxylated Alcohols

Phenoxyethanol was obtained by the reaction of ethylene oxide with phenol at an
equimolar ratio.

In appearance, ethoxylated phenol of the composition C¢H5;O(CH,CH,O)H is a trans-
parent liquid. Subsequently, phenoxyethanol was used to synthesize the target ester.
Phenoxyethanol is a colorless oily liquid. The yield was 89% of the theoretical maximum.

The phenoxyethanol had a degree of ethoxylation n = 1: density—1.1007, refractive
index—1.5314, molecular weight (calculated)—138, reaction time—1.3 h.

3.2. The Synthesis of Phenoxyethyladipate

The synthesis was carried out according to Scheme 1.

— 1] 1
O\\QC/O—H ro\xc/c:n R 0\\(:/0 R
I +RIOH I +RZ0OH I
(CH2)s — (CH2)s —  (CH2)
I -H:0 I -H:0 I
C C
o” “o-H o” “o-H o7 “o-Rr:

Scheme 1. Synthesis of butyl phenoxyethyl adipate. Where R! = [CH,~CH,-O]-C¢Hs, R? = Butyl.

The resulting ether is the light clear liquid.
The yield of butyl phenoxyethyl adipate was 279.2 g (86.7% of the theoretical maximum).
The physicochemical properties of butyl phenoxyethyl adipate are presented in Table 1.

Table 1. Physicochemical properties of butyl phenoxyethyl adipate.

Indicators
Ester . Acid Number, Ester Number, 20
Molecular Weight mg KOH/g mg KOH/g d=’y
Butyl phenoxyethyl adipate (BPEA) 322 0.1 345 1.0510

3.3. IR Spectra

In the synthesized compound, the stretching vibrations of the carbonyl group are
shifted to the high-frequency region and are reflected in the spectrum as a strong character-
istic band in the region of 1735 cm~! (Figure 1). There are absorption bands characteristic
of the vibrations of the C-O-C ester fragment in the region of 1156 cm~!.

The spectrum of butyl phenyloxyethyl adipate lacks an absorption band in the range
of 1685-1687 cm ™!, which is characteristic of the stretching vibrations of the carbonyl group
in associates of aliphatic carboxylic acids.

3.4. Determination of the Compatibility of Butyl Phenoxyethyl Adipate with PVC

For the plasticizer butyl phenoxyethyl adipate, which is a free-flowing solid product,
the studies were carried out using a mixture as a plasticizer in the following ratio: DOP
at 5 parts by weight and adipate ester at 1 part by weight. When determining the critical
dissolution temperature, 0.05 g of PVC was dissolved in 5 mL of the mixture. The research
results are shown in Table 2.
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Figure 1. IR spectrum of butyl phenoxyethyl adipate.

Table 2. The results of determining the critical temperature of dissolution of PVC resin in

the plasticizer.

Indicators
Name
Tcrr OC AI 0/0
DOP 112.5 -
DOP + BPEA 101 111.4

The compatibility of the plasticizer with PVC resin was determined by the formula:
A = TDOP/Tcr-100%, (2)

where TDOP is the critical temperature of dissolution of the plasticizer in DOP, and Tcr
is the critical temperature of the dissolution of PVC resin in a mixture of the investigated
plasticizer with DOP.

3.5. TGA of Butyl Phenoxyethyl Adipate

In the course of thermal analysis, a sample of an industrial plasticizer, dioctyl phthalate,
was used as a comparison.

To assess the thermal stability of the synthesized adipate according to the TGA ther-
mogram, the following parameters were determined (Figure 2, Table 3):
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Figure 2. TGA curve of the analysis of the BPEA.
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Table 3. Results of thermogravimetric analysis of plasticizer.

Name Tbl °C Tmeltl °C Tinaxs °C AmlSOr % Td: °C
DOP 132 - 285 1,0 467
BPEA 99 87 321 0.9 499

T,—temperature corresponding to the beginning of the decrease in the mass of the
sample upon heating;

Amygp—reduction of the sample weight when heated to a temperature of 180 °C,
corresponding to the temperature range of processing PVC compositions;

Tnax—temperature of the maximum decomposition rate of the sample;

T ;—decomposition temperature.

3.6. DSC Analysis of Butyl Phenoxyethyl Adipate

In the course of thermal analysis, a sample of an industrial plasticizer dioctyl phthalate
was used as a comparison.

Melting and crystallization temperatures were determined for butyl phenoxyethyl
adipate, which is a solid product, from the DSC curves shown in the thermograms (Figure 3,
Table 4).

: y
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.
—3|0H‘L2l0‘I‘I—l‘()"‘l(‘)‘l‘ll‘o"‘IZ‘O‘I"3‘0II‘I4‘0‘IH5‘0IHI6|0H"7‘0IHISIOHH9‘0IHI1(I)0‘°‘C

Lab: METTLER
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Figure 3. DSC thermogram of the BPEA.

Table 4. DSC results of adipate ester.

Name Tyetts °C
BPEA 87

AH,e11, )/g Tcryst: °C AHcryst: Jig
-113 12 112

3.7. Determination of the Glass-Transition Temperatures of PVC Compositions

The transition of a polymer from a glassy to a highly elastic state is accompanied by an
increase in the heat capacity of the polymer, which is reflected in the form of a characteristic
break (step) on the DSC curve (Figure 4). The glass-transition temperature was found by
the tangent method along the middle of the step corresponding to this transition.
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Figure 4. DSC thermogram of a PVC composition containing BPEA.

Table 5 shows the results of a study of the effect of plasticizers on the glass-transition
temperature of PVC compositions.

Table 5. Influence of plasticizers on the glass-transition temperature of PVC.

Glass-Transition

Composition Temperature, °C ATy, °C
PVC 87 -
PVC + DOP (I) —37 125
PVC + DOP + BPEA (II) —45 132

3.8. Determination of the Rheological Characteristics of PVC Composition with BPEA

To assess the rheological properties of plasticized PVC composites, we used the melt
flow rate (MFR) of the polymer, which is widely used in practice to characterize the
processability of polymer materials and select a processing method. The studies were
carried out on an IIRT-AM device in the temperature range of 160 to 205 °C.

The rheological properties of PVC-compositions containing mixtures of the DOP plas-
ticizer with the developed adipate of various compositions were studied. When preparing
the PVC composition, a mixture of plasticizer was used in the ratio of DOP:adipate 5:1 (wt.).

Initially, the effect of temperature on the MFR of PVC compositions of the following
composition (ppm) was investigated: PVC: 100, plasticizer: 100 and tribasic lead sulphate:
1. The composition of the plasticizer was, in ppm: DOP of 83.3 and adipate plasticizer of
16.7. The used load was 49N (Figure 5).
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Figure 5. Dependence of the MFR of PVC composition on temperature. I, I—Symbols of plasticizers
(Table 5).

Then the rheological characteristics of the PVC composition were studied (ppm): PVC:
100, plasticizer: 50 and tribasic lead sulphate: 1. The composition of the plasticizer, in ppm,
was DOP of 83.3 and adipate plasticizer of 16.7. The used load was 49 N (Figure 6).
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Figure 6. Dependence of the MFR of PVC composition on temperature. I, I—Symbols of plasticizers
(Table 5).

We also studied the rheological characteristics of the PVC composition of the composi-
tion, in ppm: PVC of 100, plasticizer of 39 and tribasic lead sulphate of 1. The composition
of the plasticizer was, in ppm: DOP of 83.3 and adipate plasticizer of 16.7. The used load

was 49N (Figure 7).

184



Polymers 2022, 14, 1888

10

6

MEFR, g/10 min

)

toC

188 190 192 194 196 198 200 202 204 206

Figure 7. Dependence of the MFR of PVC composition on temperature. I, I—Symbols of plasticizers
(Table 5).

It has been experimentally established that, with an increase in temperature and
plasticizer content, the melt fluidity of PVC composites, regardless of their composition,
increases, and this dependence is close to exponential (Figures 5-7).

4. Discussions
4.1. Synthesis of Ethoxylated Alcohols

The literature describes the use of phenol derivatives for the plasticization of polyamides
and cellulose acetate, but there are very few data on the possibility of using them as raw
materials in the production of polyvinyl chloride plasticizers [60].

The synthesis of ethoxylated alcohols, including phenoxyethanol, is well studied and
carried out on an industrial scale [61]. The ethoxylation of phenol was carried out according
to well-known methods by the interaction of alcohol with ethylene oxide at a temperature
of 120 °C in the presence of a sodium hydroxide catalyst.

The reaction proceeds according to the Sy2 mechanism and is a series-parallel addition
of ethylene oxide to phenol.

The composition of the products of the ethoxylation reaction depends on the molar
ratio of alcohol and ethylene oxide in the reaction mass. With an increase in the content of
ethylene oxide, the degree of ethoxylation of the resulting alcohols increases.

Then the resulting phenoxyethanol was used for the synthesis of butyl phenoxyethyl adipate.

4.2. The Synthesis of Butyl Phenoxyethyl Adipate

Initially, the reaction flask was charged with adipic acid, solvent and alcohol butanol.
The reflux of the reaction mixture was maintained until the required amount of water was
released in the Dean-Stark trap. Then the alcohol phenoxyethanol was added with a slight
excess relative to the acid.

4.3. High-Performance Liquid Chromatography

Undoubtedly, at the time of the addition of the second alcohol, the reaction mass con-
tained monoester, dibutyl adipate and a small amount of unreacted adipic acid. When phe-
noxyethanol was added, transesterification of the previously formed diester was unambigu-
ously observed, which is known from the literature on organic synthesis. Thus, the sym-
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metric adipate was converted into the target unsymmetrical ester. The chromatograms
obtained by HPLC have two peaks: one peak corresponds to symmetric, and the other
to asymmetric.

4.4. Analysis of Physicochemical Parameters of Butyl Phenoxyethyl Adipate

Butyl phenoxyethyl adipate was not separated from the symmetrical one. The obtained
product was used for testing, and physicochemical analyses showed the compliance of the
product with regulatory requirements for use as a plasticizer for polyvinyl chloride.

4.5. Determination of the Compatibility of Butyl Phenoxyethyl Adipate with PVC

The compatibility of PVC resin with a plasticizer is one of the most important factors
determining the possibility of its use in the development of a plasticized material formulation.

The plasticizer can be gradually released from the composite material by extraction,
migration or evaporation. Over time, even a very low vapor pressure of the introduced
plasticizer appears [62]. Therefore, the migration rate of the plasticizer from the polymer
composition doubles with an increase in temperature by 7 °C [63]. The vapor pressure of
the plasticizer used is for guidance only.

The migration of a plasticizer from a place with a higher concentration to a place with a
lower concentration is determined by the nature of the polymer [63]. In this case, the less the
interaction of the plasticizer with PVC, the lower the limit of compatibility of the plasticizer
with PVC and the higher the migration value [64]. At plasticizer concentrations in PVC
compositions up to 10%, the plasticizer is completely solvated by the polymer, which leads
to a decrease in the detachment of the plasticizer molecules from the polymer [65].

With an increase in the amount of introduced plasticizer from 0 to 10%, migration
increases insignificantly [66]. A further increase in the content of the plasticizer in the
PVC composite from 15 to 35% leads to an almost linear dependence of the amount of
migration on the amount of plasticizer [67]. Thus, with an increase in the content of the
plasticizer, the number of fragile bonds in the polymer—plasticizer system increases, which
contributes to an increase in migration [68]. The determination of the compatibility of
the plasticizer with the polymer makes it possible to purposefully regulate its structure
and the operational properties of the resulting material, in order to importantly prevent
high volatility and the likelihood of migration to the surface of products, which negatively
affects operational characteristics [69].

The determination of the compatibility of the new ethoxylated alcohol adipate with
PVC was carried out according to the critical dissolution temperature of PVC resin and
compatibility parameter A (%) [70]. For well-compatible plasticizers, this parameter should
be greater than 100%.

The results obtained showed that the developed plasticizer butyl phenoxyethyl adipate
is characterized by a high ability to dissolve polyvinyl chloride.

4.6. Thermal Analysis of Butyl Phenoxyethyl Adipate

To study the possibility of the practical application of the plasticizer in the composition
of PVC composites, the following indicators are important: thermal stability, melting and
crystallization temperatures, enthalpy of melting and crystallization.

Thermoanalytical studies have shown that the developed adipate has a higher thermal
stability in comparison with DOP. The introduction of the developed additive into the PVC
composition provides a higher thermal stability during processing, which improves the
manufacturability of the compounds.

4.7. Determination of Glass-Transition Temperatures of PVC Compositions

At the next stage, the efficiency of the plasticizing action of the new plasticizer
was assessed.

The chemical structure of polymer chains and their mutual arrangement determine
the physical properties of polymers. These properties of polymers, in particular the glass-
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transition temperature, are changed by introducing special substances—plasticizers—into
the polymer composition during processing. The shift of the glass-transition temperature
to the region of lower temperatures is commonly called plasticization. The introduction of
a plasticizer into a polymer composition is important from a practical and theoretical point
of view. Lowering the glass-transition temperature of the polymer with the introduction
of a plasticizer makes it possible to expand the temperature range of its highly elastic
state, that is, to increase its frost resistance. In addition, as a result, a decrease in the
viscosity of polymer melts makes it possible to significantly facilitate their processing. It is
especially important to lower the glass-transition temperature and pour point during the
processing of polymers, in which these characteristics are close to or even higher than their
decomposition temperature.

A decrease in the glass-transition temperature with the introduction of a plasticizer is
an important criterion for assessing the effectiveness of its plasticizing action.

The results shown in Table 2 show that the sample of unplasticized polyvinyl chloride
corresponds to Tgt = 87.5 °C. The introduction of polyvinyl chloride 50 ppm plasticizer
DOP led to a decrease in the glass-transition temperature of the polymer to —37 °C, that is,
by 124.5 °C. A significant decrease in the Tgt parameter was observed when 50 ppm is
introduced into the polymer. The synthesized adipate totaled 133.2 °C.

4.8. Determination of the Rheological Characteristics of PVC Composition with BPEA

Previously, the chemical nature of the plasticizer was not given due attention in the
development of composites. It has now been proven that the plasticizing effect of the
developed additive depends on the chemical structure (the nature of the atoms included in
the molecule, the polarity of the bonds and the size and shape of the plasticizer molecules)
and the ability of the molecule to undergo conformational changes, as well as on the
thermodynamic affinity of the plasticizer for the polymer.

A comparison of the rheological characteristics of PVC compositions based on the
developed BPEA plasticizer with similar compounds containing DOP showed an increase
in melt flow in the temperature range (Figures 5-7), which indicates the high efficiency of
the plasticizing action of the developed plasticizer, which is superior to the commercial
DOP plasticizer. In this regard, this ester contributes to resource and energy efficiency
when used as a PVC plasticizer.

5. Conclusions

The article describes the successful production of a new promising plasticizer for
polyvinyl chloride, butyl phenoxyethyl adipate, by a method of sequential azeotropic
esterification in one reaction vessel. The structure of the obtained compound was confirmed
by FT-IR spectroscopy. Studies of the compatibility of the obtained compound with PVC
showed the possibility of using it as a plasticizer: the critical temperature of polymer
dissolution in ether is 101 °C compared to that for DOP, which is 112.5 °C. Thermal analysis
by the TGA and DSC methods confirmed the higher thermal-oxidative stability of BPEA in
comparison with DOP; the temperature of the maximum decomposition rate is 321 °C and
285 °C, respectively. The test results showed that the use of butyl phenoxyethyl adipate
in the composition of the PVC composition provides a significant decrease in the glass-
transition temperature of the polymer, by 132.2 °C compared to pure PVC and by 7.7 °C
compared to DOP-based compounds. The study of the rheological characteristics of PVC
compounds containing butyl phenoxyethyl adipate showed that the developed plasticizer
has a pronounced plasticizing effect in relation to PVC, which consists of a significant
increase in the melt flow of PVC compounds in the temperature range of 160-205 °C.
So, for example, when the content of BPEA in the amount of 16.7 ppm per 100 ppm
including PVC, the melt flow rate of the composition at 175 ° C increases by 50%; when the
content of BPEA in the amount of 8.35 ppm at 200 °C, it increase by 20%; when the content
of BPEA in the amount of 6.5 ppm at 205 °C, it increases by 19%.
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Thus, studies have shown that the new plasticizer is characterized by high techno-
logical indicators—the thermal stability and efficiency of the plasticizing action—and also
contributes to an increase in the fluidity of the melt of polymer compositions and the
expansion of the temperature range for processing compounds based on it. This paper also
shows that the use of a new environmentally friendly plasticizer contributes to the resource
and energy efficiency of PVC compound processing technologies with its content.
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