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Preface

The shift towards a sustainable and circular economy is one of today’s most pressing challenges.

Growing global demand for materials, along with concerns about environmental impact and

resource depletion, has fuelled interest in innovative polymeric materials that support sustainability,

recyclability, and advanced functionality.

Given the increasing interest in this field, this reprint brings together a selection of 19 innovative

research articles originally published in the Special Issue “Development of Bio-Based Materials:

Synthesis, Characterization, and Applications II”. These studies highlight recent advances in polymer

science, with a strong focus on sustainability, recycling, bio-based materials, biomedical applications,

and advanced functional materials.

The first set of articles in this volume presents groundbreaking advancements in polymer

recycling and sustainability, showcasing innovative strategies aimed at enhancing the circular

economy. These contributions explore the chemical and structural modifications of natural products,

industrial waste, and natural proteins to develop enhanced biopolymers for diverse industrial

applications. Furthermore, these articles propose cutting-edge approaches for the reutilization of both

synthetic polymers and biopolymers, offering sustainable and environmentally friendly alternatives

to conventional methods.

Subsequent studies examine the role of polymeric materials in drug delivery, immune

response modulation, and biocompatible coatings, as well as the induction of biopolymer gelation,

highlighting innovative approaches to biodegradable and bioactive medical materials. The reprint

also covers advancements in sustainable electronics, including biocompatible electroactive materials

and 3D-printable bioadditives, demonstrating the potential of renewable materials to replace

conventional synthetic polymers.

Designed as a valuable resource for researchers, engineers, and professionals in polymer

science, materials engineering, and sustainability, this collection aims to inspire further innovation

in bio-based materials and their applications.

Antonio M. Borrero-López, Concepción Valencia-Barragán, Esperanza Cortés Triviño,

Adrián Tenorio-Alfonso, and Clara Delgado-Sánchez

Guest Editors
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Article

Towards a Circular Economy: Study of the Mechanical, Thermal,
and Electrical Properties of Recycled Polypropylene and Their
Composite Materials
Tongsai Jamnongkan 1,* , Nitchanan Intraramongkol 1, Wesarach Samoechip 2, Pranut Potiyaraj 2 ,
Rattanaphol Mongkholrattanasit 3, Porntip Jamnongkan 4, Piyada Wongwachirakorn 5, Masataka Sugimoto 6,
Hiroshi Ito 6 and Chih-Feng Huang 7,*

1 Department of Fundamental Science and Physical Education, Faculty of Science at Sriracha, Kasetsart
University, Chonburi 20230, Thailand

2 Department of Materials Science, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
3 Faculty of Industrial Textiles and Fashion Design, Rajamangala University of Technology Phra Nakhon,

Bangkok 10110, Thailand
4 Department of Public Health and Environment, Saensuk Municipality, Chonburi 20130, Thailand
5 Department of Environmental Science, Faculty of Science and Technology, Pibulsongkarm Rajabhat

University, Phitsanulok 65000, Thailand
6 Graduated School of Organic Materials Science, Faculty of Engineering, Yamagata University,

Yonezawa 32000, Yamagata, Japan
7 Department of Chemical Engineering, i-Center for Advanced Science and Technology (iCAST), National

Chung Hsing University, Taichung 40227, Taiwan
* Correspondence: jamnongkan.t@ku.ac.th (T.J.); huangcf@dragon.nchu.edu.tw (C.-F.H.)

Abstract: This research focuses on the mechanical properties of polypropylene (PP) blended with
recycled PP (rPP) at various concentrations. The rPP can be added at up to 40 wt% into the PP
matrix without significantly affecting the mechanical properties. MFI of blended PP increased with
increasing rPP content. Modulus and tensile strength of PP slightly decreased with increased rPP
content, while the elongation at break increased to up to 30.68% with a 40 wt% increase in rPP
content. This is probably caused by the interfacial adhesion of PP and rPP during the blending
process. The electrical conductivity of materials was improved by adding carbon black into the rPP
matrices. It has a significant effect on the mechanical and electrical properties of the composites.
Stress-strain curves of composites changed from ductile to brittle behaviors. This could be caused
by the poor interfacial interaction between rPP and carbon black. FTIR spectra indicate that carbon
black did not have any chemical reactions with the PP chains. The obtained composites exhibited
good performance in the electrical properties tested. Finally, DSC results showed that rPP and carbon
black could act as nucleating agents and thus increase the degree of crystallinity of PP.

Keywords: polypropylene; plastic waste; mechanical properties; carbon black; sustainability

1. Introduction

In recent times, the production of petroleum-based plastic materials has rapidly
increased because they exhibit several advantages for various uses over other materials
such as a light weight, high flexibility, resilience, resistance to corrosion, excellent chemical
resistance, transparency, and ease of processing [1–4]. It is forecasted that the global
annual production of plastic will grow further due to the continued expansion of world
population, and therefore the demand for consumables will also increase. Thus, waste
management of plastic post-consumption is very important [5,6]. It is well-known that
plastic waste has numerous damaging environmental effects, including increased energy
consumption and greenhouse gas exhaustion [7–9]. Particularly, fossil-based plastics such
as polyethylene (PE), polypropylene (PP), polystyrene (PS), polyethylene terephthalate

Polymers 2022, 14, 5482. https://doi.org/10.3390/polym14245482 https://www.mdpi.com/journal/polymers1
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(PET), and many others are used for daily purposes which increases the amounts being
disposed of in landfills day by day [10–16]. In consequence, it has been a challenge to
establish a cost-effective method to solve these problems. One effective approach could be
the use of natural resources, called biomaterials, to replace their corresponding functional
products [17]. Upcycling or recycling plastic waste based on the circular economy (CE)
concept is an effective alternative to manage and reduce the effects of plastic waste on the
environment [18,19]. This concept could be managed waste from the plastic production
and consumption system by imported and consumed as raw materials for recycling, reuse,
reduction and repairing or refurbishing in the process of product production. Recently, the
concept of CE has received great attention from several scientists across the world because
it has directly responded to one of the seventeen targets of the Sustainable Development
Goals (SDGs). CE is a manufacturing method for waste management that allows the
remanufacturing, reprocessing, and recycling of materials in the production process [20,21].
Therefore, the recycling method not only reduces poisonous materials and waste pollution
on the environment compared to landfilling and incineration [22–24], but can also create
new products with good mechanical and physical properties. However, it is not easy to
recycle these materials because they have been combined with different types of plastics and
additives during processing [25]. In general, the mechanical properties of recycled plastics
do not remain the same because of several parameters such as degradation from heat,
mechanical stress, and oxidation during reprocessing. Recently, several research groups
have studied and focused on the influence of multiple recycling cycles on the quality of
the reprocessed plastics. For example, Canevarolo [26] reported the thermo-mechanical
properties of PP when subjected to multi-extrusion with different processing conditions
and screw profiles. They found that the material was reprocessed five times and found that
the PP chain scission process occurred during multiple processes, particularly at higher
molecular weights of PP. Jin et al. [27] have investigated and reported the effects of the
recycling process of low-density polyethylene (LDPE) on its mechanical properties. They
found that LDPE could be extruded for up to 40 times without significantly changing its
processability and long-time mechanical properties. Tominaga and his colleagues worked
on the mechanical properties of recycled PP and found that they are closely related to the
inner structure of materials [28]. They also mentioned that the molecular weight of recycled
PP did not change significantly during the recycling process, and they were able to improve
its mechanical properties and durability by adopting an appropriate molding condition
of the mechanical recycling process. In Thailand, it was also found that the demand and
production of PP have increased tremendously due to its applications in various areas,
which has caused an increase in PP waste in landfills. PP is a semicrystalline thermoplastic
that can be remelted and used again, and also has a low cost, processability, and excellent
chemical stability [29]. Over last decade, it has been attempted to solve the problem of
recycled plastics through several methods, both physical (i.e., blending, reprecipitation,
composite, etc. [30–35]) and chemical (such as reaction processes and catalytic cracking
methods [36–39]), leading to products ready to be used in specific applications. The easiest
way is to recycle the material directly by a physical process such as blending it with the
virgin material. As we have mentioned earlier, it is still difficult to keep consistency of
mechanical properties and performance of raw materials during the recycling of post-
consumer materials. In addition, the idea of recycling as any technology that converts
post-use plastics into specialty polymers or new materials has been increasingly recognized
as a potential solution to the recycling of plastic waste. Therefore, the performance of
value-added specialty polymers should be paramount concerns. The electrical conductivity
of a polymer is one of the important properties that have recently attracted attention from
researchers because of its relevance to various practical fields, such as electronic devices
and sensors [40–42]. Carbon black has attracted attention due to its numerous desirable
properties, such as good electrical conductivity, low cost, and good thermal and chemical
stability [43,44]. Accordingly, we have chosen to use carbon black as a conductive filler
within rPP matrices. Our aim is to study the reprocessing of problematic industrial PP
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scrap or rPP by using the melt-extrusion process. The effects of the concentrations of rPP
on their mechanical properties were investigated. In addition, the chemical, mechanical,
thermal, and surface resistivity properties of the prepared rPP/carbon black composites
were also examined. This research will advance the knowledge and help to promote the
use of rPP in some material engineering applications.

2. Materials and Methods
2.1. Materials

Commercial-grade virgin polypropylene (vPP), 1100NK grade, was purchased from
IRPC Co., Ltd., Rayong, Thailand. Recycled PP (rPP) was obtained from Panich Parts and
Mold Co., Ltd., Chonburi, Thailand. Distilled glycerol monostearate (DMG) and carbon
black were received from Suntor Chemical Co., Ltd., Samutprakarn, Thailand. Other
chemical agents were of analytical-grade purity and used as received.

2.2. Preparation of vPP/rPP Blends

At the first stage, rPP was sorted and crushed into 0.5 cm of granular form by using
a pulverizer milling machine (Siamlab, Nonthaburi, Thailand) for enhancing the surface
area of the material. After that, it was dried at a temperature of 80 ◦C for 24 h in a hot air
oven to remove the moisture content. Different ratios of vPP/rPP blends were prepared by
the extrusion method as follows. rPP and vPP pellets were first dried at 80 ◦C for 24 h and
then the different ratios of rPP/vPP were fed into a lab-scale, twin-screw extruder (Thermo
PRISM, Bangkok, Thailand), with a screw diameter of 28 mm and a length/diameter ratio
of 25:1, to mix the compounds. During the extrusion process, the fed temperature in the
first zone of the extruder and the die temperature were set to 160 and 180 ◦C, respectively.
The extruder temperature profile was set at 170 ◦C with a screw speed of 40–50 rpm.
The extrudate was cooled down in a water bath at a temperature of 30–35 ◦C. Then, the
extrudate was cut into pellets nominally 3 mm long by using a pelletizer. After extrusion,
the vPP/rPP compounds were dried and indirectly heated for dehumidifying in the oven
at a temperature of 80 ◦C for 4 h, and then stored in moisture-barrier bags before injection
molding. An injection molding machine (Model SG50M, Sumitomo, Tokyo, Japan) was
used to fabricate the specimens for the mechanical test. This machine had a single screw of
40 mm in diameter with a length/diameter ratio of 18:1. The temperature of the feeding,
compression, and metering sections were maintained at 160, 170, and 175 ◦C, respectively.
During the injection process, the holding step was set to be three steps with pressure and
time as follows: (i) 90.0 bar for 3 s, (ii) 95.0 bar for 5 s, and (iii) 90.0 bar for 3 s. Mold
temperature was maintained at 40 ◦C, which was controlled by water cooling. In this paper,
the recycling PP samples are referred to as vPP, rPP20, rPP30, and rPP40, corresponding
to the virgin PP and the PP blended with rPP at the concentrations of 20, 30, and 40 wt%,
respectively. The melt flow index (MFI) of all blended samples was determined with the
melt flow index instrument (Kayeness, Model 7053, Morgantown, PA, USA) in accordance
with the ASTM D1238 standard. The same sample was tested at least five times at 230 ◦C
with a load of 2.10 kg. The MFI was calculated by using the following equation:

MFI (g/10 min) = 600 m/t

where m and t refer to the average weight of extrudates and the time of extrudate in
seconds, respectively.

In addition, rPP30 was chosen as a representative of recycled PP composited with
carbon black at the concentration of 40 wt%. This composite was prepared through the
same procedure for vPP/rPP blends preparation, as follows: rPP30 was milled and mixed
with carbon black and DMG at the concentration of 40 wt% and 0.5 wt%, respectively, by
using a high-speed mixer machine. Then, the mixture powder was transferred to the twin
screw extruder. During the extrusion process, the temperature in the mixing chamber was
set to a range of 160–180 ◦C and the screw rotation rate was maintained at 210 rpm. In this
process, polyethylene (PE) wax was used as a plasticizer to improve the processibility

3



Polymers 2022, 14, 5482

of composites for comparison. After obtaining the composite pellets, the specimens for
mechanical testing were fabricated using an injection molding machine following ASTM
D638 [45]. In this study, the samples are referred to with codes rPP30CBW and rPP30CBNW,
corresponding to the rPP30 composited with 40 wt% of carbon black with and without PE
wax, respectively.

2.3. Tensile Test

Tensile tests of all the samples were performed on the universal testing machine
(Model 5560, Instron, MA, USA). A load cell of 25 kN was employed for testing all the
samples. All the specimens were fabricated to a rectangular shape (30 × 10 × 0.4 mm3),
according to the ASTM D638 [45], by using an injection molding machine. Crosshead speed
and gauge length were set at 5 mm/min and 25 mm, respectively. At least five samples
were tested in each sample and the average of results were reported.

2.4. FTIR-ATR Analysis

FTIR was performed to examine the presence of chemical reactions within the structure
of compounding molecules. An FTIR spectrometer (Invenio, Bruker, MA, USA) in ATR
mode equipped with a diamond crystal was used for the tests. All the spectra were recorded
in transmittance mode with 4 cm−1 resolutions in the wavenumber range of 4000–400 cm−1

under ambient conditions.

2.5. Surface Resistivity Test

Electrostatic discharge is one of the key issues that cause losses in the properties of
products containing sensitive electronics during production, storage, and transportation.
Therefore, the surface resistivity of rPP30 composited with carbon black was measured at
room temperature using a probe digital multimeter (Model KS-385B, Kingsom, Shenzhen,
China), according to ASTM D257 [46]. The specimen of vPP was also investigated for
comparison. The experimental procedure was as follows: two copper electrodes were
pressed on the surface of the composites at a distance of 1.5 cm from each other.

2.6. Differential Scanning Calorimetry Test

The crystallization behavior and melting characteristics of vPP, rPP30, and its compos-
ites were analyzed by using a differential scanning calorimetry (DSC) technique (Model
DSC 200 F3, Netzsch, Selb, Wunsiedel, Germany). All the samples were in a sealed alu-
minum crucible and each sample used was approximately 5 mg. DSC analysis was run
at a temperature range from 25 to 200 ◦C, with heating and cooling rates of 10 ◦C/min.
All runs were carried out under inert atmosphere with a nitrogen flow of 50 mL/min to
prevent the thermal degradation of samples. After that, the degree of crystallinity (χc, %)
was determined from the melting enthalpy values using the following equation:

χc/% =
∆Hm

w × ∆H◦
m
× 100

where ∆Hm, w, and ∆H
◦
m are the melting enthalpy of the specimens, the weight fraction

of filler in PP composites, and the enthalpy value for a theoretically 100% crystalline PP
(207 J/g) [47], respectively.

3. Results and Discussion
3.1. Feasibility of the Obtained vPP/rPP Blends

Figure 1 shows optical images of the compound pellets of vPP and vPP blended
with rPP at different concentrations. The images show that the extrusion process can
produce homogeneous pellets composed of vPP and its blends, with roughly the same
external surface in the four samples. Furthermore, the images suggest that the color of the
vPP/rPP compounds became gray in the case of the vPP containing rPP when compared to
those without rPP. Additionally, the shade of gray color of vPP/rPP compounds is directly
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proportional to the rPP content within the compounds, as can be seen in Figure 1. This
result could indicate that the rPP content will affect mechanical properties. Therefore,
it is worthwhile to further examine the effects of rPP content on mechanical properties.
We begin our examination of the effect of rPP concentration on the melt flow behavior
(results shown in Figure 2). The MFI of PP blends is proportional to the amount of rPP
concentration. The MFI of blended vPP increased with increasing rPP content. It was found
that vPP and its blend with 20, 30, and 40 wt% of rPP content could be extruded evidently
and their MFI values were 11.72, 11.98, 12.98, and 16.74 g/10 min, respectively. Obviously,
rPP has extremely affected the melt flow property of PP. This suggested that the high MFI
of PP-blended compounds led to poor interfacial adhesion between the filler particles and
matrices, which is in agreement with the research results of Xu et al. [48].

Figure 1. Feasibility images of different compounds. (A) vPP, (B) rPP20, (C) rPP30, and (D) rPP40.

Figure 2. Melt flow index of all prepared samples.
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3.2. Tensile Test

The fracture profile of tensile stress-strain curves and optical feasibility fracture for all
specimens were obtained and are illustrated in Figures 3 and 4, respectively. We found that
all samples exhibited the fracture ductility behavior.

Figure 3. Tensile stress-strain curves of vPP/rPP blended with different rPP concentrations. (A) vPP,
(B) rPP20, (C) rPP30, and (D) rPP40. The number of each curve indicates the testing numbers.

Figure 4. Optical images of all specimens after tensile test at room temperature.

The tensile strength, modulus, and elongation at the break of all samples were obtained
and presented in Figure 5 and Table 1. In general, the interfacial adhesion between the fillers
and the matrices has directly affected the mechanical properties of blends and composite
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materials [49,50]. We found that the modulus and tensile strength of the vPP/rPP blends
slightly decreased with increasing rPP concentration. In addition, the elongation at the
breaks of all samples increased with increasing rPP concentration, as enumerated in Table 1.
This phenomenon is probably caused by the interfacial adhesion of vPP and rPP during the
melt extrusion process.

Figure 5. Effect of varying rPP contents on the mechanical properties of PP blends.

Table 1. Mechanical properties of the vPP specimens blended with rPP at various concentrations.

Sample Code Modulus
(MPa)

Tensile Strength
(MPa)

Elongation at the Break
(%)

vPP 1317 ± 55.85 36.47 ± 1.83 15.09 ± 1.75
rPP20 1252 ± 85.63 33.17 ± 2.65 16.04 ± 2.82
rPP30 1243 ± 50.15 33.75 ± 1.48 18.62 ± 1.93
rPP40 1232 ± 91.62 32.28 ± 3.12 19.72 ± 2.99

In Figure 5, we found that vPP exhibited the highest modulus (1317 MPa) and tensile
strength (36.47 MPa), while it has the lowest elongation at the break (15.09%) among the
four specimens. This result has the same tendency of earlier reports [51–53]. In this study,
however, we found that the mechanical properties of the recycled PP samples are not
insignificantly different when compared with the virgin PP. The experimental results seem
to indicate that rPP can be added to a blend with vPP up to a 40 wt% concentration without
significantly affecting the mechanical properties.

To develop innovative materials and increase the value addition of PP waste, we
attempted to improve the electrical conductivity properties of the rPPs by compositing
with carbon black. rPP30 was chosen as a representative of vPP/rPP blends for mixing
with carbon black at the concentration of 40 wt%. We successfully compounded these
composite materials by using the melt-extrusion process. It was found that the color of
the obtained composite compound changed from gray to black, as depicted in Figure 6,
coinciding with the natural color of carbon black. Then, we continued to investigate their
mechanical properties and found that the stress-strain curves of all composite samples
exhibited brittle profile curves, as illustrated in Figure 7.
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Figure 6. Optical images of pellets of compound (A) rPP30 and (B) rPP30 composited with carbon black.

Figure 7. The stress-strain curves of (A) rPP30CBNW and (B) rPP30CBW composites. The number of
each curve indicates the testing numbers.

Mechanical properties such as modulus, tensile strength, and elongation at the break
of these composite materials were analyzed and calculated from the results in Figure 7. We
found that carbon black significantly affected the modulus, tensile strength, and elongation
at the break of composite materials, as shown in detail in Table 2.

Table 2. Mechanical properties of rPP30, rPP30CBNW, and rPP30CBW composites.

Sample Codes Modulus
(MPa)

Tensile Strength
(MPa)

Elongation at the Break
(%)

rPP30 1243 ± 50.15 33.75 ± 1.48 18.62 ± 1.93
rPP30CBNW 1676 ± 87.06 17.16 ± 1.18 1.27 ± 0.08
rPP30CBW 1038 ± 22.80 26.08 ± 2.11 3.73 ± 0.47

Figure 8 shows the mechanical properties of all rPP30/carbon black composite materi-
als compared to rPP30. The rPP30CBNW displayed the highest modulus (1676 MPa) as
well as the lowest tensile strength (17.16 MPa) and elongation at the break (1.27%) among
the three composite materials. The elongation at the break of rPP30CBW was greater than
that of rPP30CBNW. This might be attributed to the addition of a plasticizer that makes
the polymer chain move easily, thereby causing the material to have less stiffness. Thus,
the materials will have lower modulus and higher percentage of elongation at the break
than those composites without the plasticizer [54,55]. Additionally, the interfacial adhesion
between filler particles and matrices is also a key parameter that affects their mechanical
properties [56], as described earlier.
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Figure 8. Mechanical properties of the rPP30 and the obtained rPP30 composited with and without
the plasticizer content.

3.3. FTIR–ATR Analysis

FTIR was employed to analyze the chemical interaction of the vPP/rPP blends and
rPP30/carbon black composites. We began by investigating the IR spectra of rPP in
comparison to vPP and the result was depicted in the Supplementary Material, as shown in
Figure S1. Figure 9 depicts the FTIR spectrum of rPP30 and rPP30 composited with carbon
black samples. IR spectra of the obtained composites and vPP were then compared. We
found that the IR spectra of vPP and rPP30 show almost the same characteristic peaks of
polypropylene, as shown in spectra A and B, respectively. A strong band around 2950 cm−1

revealed the -CH3 asymmetrical stretching vibrations of the surface of PP [57]. Moreover,
two sharp signals at 1375 and 1458 cm−1 indicate the presence of C-H bonds in the chemical
structure [58]. In addition, we also found the identified characteristic peaks of the partially
crystalline PP such as the transmittance peaks occurring at around wavelengths 1165, 972,
and 843 cm−1, corresponding to the asymmetrical -C-H stretching vibration, -CH3C-C
rocking, and -CH2- rocking vibration of polypropylene, respectively [57,59].

The IR spectra of rPP30CBW and rPP30CBNW similarly indicated the presence of the
functional group of carbon black within the matrices of polypropylene, as illustrated in
spectra C and D, respectively. The spectra contain information about both the organic and
inorganic parts of the materials. A peak at around 2120 cm−1 reveals the presence of a
triple bond between C-C atoms (alkynes group) with stretching vibration, as reported in a
previous publication [60]. The peak at around 2348–2350 cm−1 is ascribed to asymmetrical
stretching vibrations of carbon dioxide molecules. Its presence could be associated with
the porous nature of carbon black samples [61]. In addition, we found that the weak
peaks around 840 cm−1 is attributed to out-of-plane deformation vibrations of C-H groups
in aromatic structures [62]. The spectrum displays all the characteristic peaks of both
carbon black and polypropylene. Thus, we deduced that no chemical bonding occurred
between the carbon black and rPP30 molecules. Even though the spectra of the composites
contain all the characteristic absorption bands of the polypropylene molecule (i.e., -CH3,
-CH2, -CH, -C-C- stretching), but they are slightly shifted to lower wavelengths and exhibit
predominantly low intensities. This phenomenon is probably caused by the effect of the
intermolecular interaction between polypropylene chains and carbon black particles.
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Figure 9. FTIR spectra of (A) vPP, (B) rPP30, (C) rPP30CBW, and (D) rPP30CBNW composites.

3.4. Surface Resistivity Test

We expected these obtained composite materials to have electrical conductivity proper-
ties to use as an antistatic material. Thus, the effect of carbon black on the surface resistance
of PP was studied. The surface resistivity of rPP30CB composites as a function of plasticizer
content is shown in Figure 10 and also enumerated in detail in Table 3. We found that vPP
displayed high surface resistivity of approximately 1012 Ohm/sq, while this value was
reduced to 104 Ohm/sq when carbon black was added into the rPP matrix. Obviously, this
indicates that carbon black can improve the conductivity property of polypropylene. It
is well known that PP is a natural electrical insulator with high surface resistivity. This
property means that the polymer surface can resist the generation of charges [63]. We
added conductive fillers such as carbon black into those materials to effectively improve
this property by reducing the surface resistivity. In general, when the composite material
becomes conductive enough, electrons are able to transfer from one surface to another,
resulting in the electrostatic shielding property of materials [64,65]. Additionally, we found
that the PE wax, used as a plasticizer for processing, is not affected by the surface resis-
tivity of polypropylene. These results indicate that the surface resistivity of the obtained
composites could be suitable for use in engineering materials applications.

Table 3. The surface resistivity of vPP, rPP30CBNW and rPP30CBW composites.

Sample Codes Surface Resistivity (Ohm/sq)

vPP 1012

rPP30CBNW 104

rPP30CBW 104
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Figure 10. Comparison of the surface resistivity of the neat PP and the obtained rPP composites with
and without the plasticizer content.

3.5. Differential Scanning Calorimetry Test

It is well known that the crystalline structure and the degree of crystallinity of polymers
can affect the physical and mechanical properties of the material. Thus, DSC was performed
in order to detect the crystallization and melting temperatures of all the specimens. The
thermal behaviors of vPP, rPP30 and its composites are presented in Figure 11. The
numerical values of the DSC thermograms were extracted and the results are summarized
in Table 4. No significant difference was observed between the values measured before
and after recycling for the vPP and rPP30 samples. The melting temperature of the rPP30
higher than the of vPP caused by the shorted of rPP30 can be reacted with the surface of
neat PP. However, a small difference was noticed between the values of the vPP and the
waste sample based on this polymer for polypropylene. Besides, it was found that rPP30
showed the small exothermic peak at 125.8 ◦C. This is probably attributed to admixtures
of additives in the commercial waste products, which was also observed in the melting
thermograms as smaller and broader curves. In addition, we found that the melting
temperature peaks of rPP30 composites, both in rPP30CBNW and rPP30CBW, were higher
than those of rPP30 and vPP, respectively. This result shows that the addition of carbon
black particles acts as a nucleating agent, which increases the melting temperature of
PP [66]. According to our investigation, in the rPP30 composites with and without PE
wax (rPP30CBW and rPP30CBNW) within the rPP matrix, the melting peak temperature
raised from 166.6 ◦C (for rPPCBW) to 167.4 ◦C, respectively. This indicated that the PE wax
can act as a plasticizer agent, resulting in the reduction of the melting temperature of the
rPP30 composite. However, the PE wax content did not show a significant influence on the
thermal properties of the composites. Additionally, the small broader exothermic peaks
of rPP30CBNW and rPP30CBW were found to be at 93.1 and 91.2 ◦C, respectively. This
is probably attributed to admixtures of additives (such as carbon black and carbon black
with PE wax, respectively) into the recycled composites. Interestingly, we found that the
crystalline temperature enormously increased when adding rPP into the vPP matrix, as
can been see in Figure 11a. rPP30 showed the highest values of crystalline temperature
(approximately 121 ◦C) among the four samples. As we mentioned earlier, this is probably
because rPP30 can be reacted with the surface of polypropylene and thus increases the
crystalline temperature and the degree of crystallinity (57.10%). It was found that the

11



Polymers 2022, 14, 5482

degree of crystallinity increased up to approximately 26.27% when compared to the degree
of crystallinity of vPP. However, in these cases, carbon black and PE wax slightly affected
the crystalline temperature and the low-intensity and broader endothermic peaks were at
88.7 and 88.0 ◦C, respectively. The degree of crystallinity of rPP30CBNW and rPP30CBW
did not significantly change and these values were calculated to be 40.36% and 39.03%,
respectively. In addition, we found that the melting enthalpy of vPP was higher than that
of rPP30, rPP30CBNW and rPP30CBW. As presented in Table 4, the melting enthalpy of PP
decreased from 93.60 to 56.59 J/g while the fillers, such as rPP, carbon black, and PE wax,
were added into PP matrices. This could indicate that the thermal stability of PP increases
when adding fillers because these fillers absorb more heat energy in the melting of the
composites. This finding is in agreement with the results of other literatures [67–69].

Figure 11. Crystallization temperature (a) and melting temperature (b) of vPP, rPP30, and its composites.
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Table 4. Summarized results of DSC analysis of vPP, rPP30 and its composites.

Sample Codes Tc (◦C) Tm (◦C) ∆Hm(J/g) χc (%)

vPP 113.6 163.2 93.60 45.22
rPP30 121.0 164.6 82.74 57.10
rPP30CBNW 113.8 167.4 58.48 40.36
rPP30CBW 113.1 166.6 56.59 39.03

Abbreviations: PP, polypropylene; CB, carbon black; NW, non-PE wax; W, PE wax.

4. Conclusions

This study aimed at developing alternative upcycling polypropylene waste and anti-
static composite materials with high performance and acceptable mechanical properties for
various applications. The vPP/rPP blends and rPP/carbon black composites were success-
fully fabricated using a melt-extrusion process. All samples showed good performance of
mechanical properties. However, the modulus and tensile strength of PP slightly decreased
with increased recycled PP concentrations. The modulus and tensile strength of the vPP
were 1317 and 36.47 MPa, respectively. These values were slightly higher than those of
the vPP blended with rPP. On the other hand, the elongation at break of vPP was 15.09%.
Our studies indicated that rPP can be blended with vPP at a concentration of up to 40 wt%
without changing the mechanical properties significantly. In addition, it was found that
MFI of the blended vPP increased with increasing rPP content.

With value-added materials in mind, we improved the electrical conductivity of
recycled PP by using carbon black as a conductive filler. We found that carbon black affected
the mechanical and electrical properties. The stress-strain curves of the PP composites
changed from ductile to brittle behaviors. This might be caused by the poor interfacial
intermolecular interaction between recycled PP and carbon black. FTIR spectra indicates
that carbon black did not have any chemical reactions or bonding with the PP chains.
Finally, as expected, the obtained PP-based composites exhibited good performance on
the electrical properties tested. We found that vPP displayed high surface resistivity of
approximately 1012 Ohm/sq, while this value was reduced to 104 Ohm/sq when adding
carbon black into rPP matrices. DSC results showed that the rPP and carbon black powder
could act as nucleating agents and thus increase the degree of crystallinity of PP. The
obtained rPP30/carbon black composites have potential to serve as a conductive material
for various applications in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14245482/s1, Figure S1: FTIR spectra of vPP and rPP.
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Abstract: The polyesters poly(lactic acid) (PLA) and poly(3-hydroxybutyrate) (PHB) used in various
applications such as food packaging or 3D printing were depolymerized by biobased aliphatic
alcohols—methanol and ethanol with the presence of para-toluenesulphonic acid (p-TSA) as a catalyst
at a temperature of 151 ◦C. It was found that the fastest depolymerization is reached using methanol
as anucleophile for the reaction with PLA, resulting in the value of reaction rate constant (k) of
0.0425 min−1 and the yield of methyl lactate of 93.8% after 120 min. On the other hand, the value of
constant k for the depolymerization of PHB in the presence of ethanol reached 0.0064 min−1 and the
yield of ethyl 3-hydroxybutyrate was of 76.0% after 240 min. A kinetics study of depolymerization was
performed via LC–MS analysis of alkyl esters of lactic acid and 3-hydroxybutanoic acid. The structure
confirmation of the products was performed via FT-IR, MS, 1H NMR, and 13C NMR. Synthesized
alkyl lactates and 3-hydroxybutyrates were modified into polymerizable molecules using methacrylic
anhydride as a reactant and potassium 2-ethylhexanoate as a catalyst at a temperature of 80 ◦C. All
alkyl esters were methacrylated for 24 h, guaranteeing the quantitative yield (which in all cases
reached values equal to or of more than 98%). The methacrylation rate constants (k′) were calculated
to compare the reaction kinetics of each alkyl ester. It was found that lactates reach afaster rate
of reaction than 3-hydroxybutyrates. The value of k′ for themethacrylated methyl lactate reached
0.0885 dm3/(mol·min). Opposite to this result, methacrylated ethyl 3-hydroxybutyrate’s constant k′

was 0.0075 dm3/(mol·min). The reaction rate study was conducted by the GC-FID method and the
structures were confirmed via FT-IR, MS, 1H NMR, and 13C NMR.

Keywords: poly(lactic acid); poly(3-hydroxybutyrate); depolymerization; alcoholysis; methacrylation;
polymerizable monomers; kinetics

1. Introduction

In recent years, processes producing plastic materials mostly use fossil-based poly-
mers due to the fact that these molecules are cheap to obtain and their properties can
be determined efficiently. However, this type of manufacturing is dependent on non-
renewable resources which might lead to potential supply risks [1–4]. Therefore, various
biopolymers based on bio-source inputs such as PLA or PHB attract a significant amount
of attention [5,6]. Poly(lactic acid) (PLA) is a particular biopolymer used for numerous
applications such as food packaging or 3D filament printing [2,7,8]. The increasing us-
age of this polymer leads to considerable problems—the rate of degradation of PLA in
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moderate environmental conditions is very slow; therefore, the accumulation of waste can
occur [1,9,10]. There are ways to handle PLA waste, such as composting, incinerating, or
mechanical recycling [7,11,12]. The first two processes do not generate any usable material
and the mechanical recycling of PLA results in the production of a polymer with consider-
ably worse properties than the original one. The reason for this outcome is that the thermal
and photochemical degradation takes place during the mechanical processing of the PLA
polymer, which leads to the decrease in molecular weight of the material [2,7,13,14]. Poly(3-
hydroxybutyrate) (PHB) is a biopolymer that is produced by various microorganisms and
can be degraded by living systems as well. The biodegradability of PHB is aconsiderable
benefit of this polyester [2,15,16]. Nevertheless, PHB suffers rapid thermal degradation
during the potential mechanical recycling, similarly to PLA, particularly at temperatures
starting at 170–180 ◦C [2,17]. These two biopolymers are miscible, which is beneficial for
a potential 3D printing usage, for example [18,19]. However, the fact that mixtures of
numerous polymers and plasticizers are used complicates their potential recycling [20].

The chemical recycling of polyesters such as PLA or PHB is another way of handling
leftover polymers or those with bad quality or properties such as low values of MW. This
type of process results in forming monomers out of the polyester polymer chain. The
produced monomers can either be carboxylic acids or esters depending on the chosen
nucleophile. When water is used as a nucleophile, hydrolysis takes the place of the
depolymerization process. Alcoholysis, on the other hand, requires alcohol to undergo the
reaction, resulting in the formation of an ester via the transesterification mechanism [21–27].
These processes involve either specific reaction conditions (high pressure, high temperature)
or the presence of a particular catalyst and appropriate organic solvents. Extreme conditions
such as high temperature (above 120 ◦C) and high pressure (depending on the chosen
nucleophile) can be complicated in terms of up-scaling or energy consumption [28–31]. On
the other hand, specific catalysts can be expensive, and particularly organic solvents may
be inappropriate for regeneration in the production process and lower temperatures could
result in a decrease in the reaction rate [30,32]. The hydrolysis of PLA was experimentally
verified using a temperature of 250 ◦C and high pressure. The molar ratio of 1:20 (PLA:H2O)
and a reaction time of 10–20 min resulted in a 90% conversion to L-lactic acid [33–35].
Adding microwave irradiation to the process of hydrolysis with aratio of 1:3 (PLA:H2O)
provided a 45% conversion to l-lactic acid after 120 min [34,35]. PHB alcoholysis was
observed using ionic liquids as catalysts and methanol as a nucleophile. The highest yield
of methyl 3-hydroxybutyrate (83.75%) was reached with the mixture of the molar ratio 5:1
(MeOH:PHB) and of the mass ratio 1:0.03 (PHB:cat.) with the conditions of a temperature
of 140 ◦C and a reaction time of 3 h [36–38].

The main aim of this work is to describe a depolymerization process of the polyesters
PLA and PHB in high-pressure and high-temperature conditions. The nucleophiles chosen
for the reactions are methanol and ethanol and the reaction takes place in ahigh-pressure
reactor. Para-toluensulphonic acid serves as an acidic catalyst for all alcoholyses. The
monoester product structures are verified via numerous analyses (MS, FT-IR, 1H NMR,
13C NMR) and their reaction kinetics are studied. All synthesized monoesters (lactates
and 3-hydroxybutyrates) undergo a methacrylation process to produce methacrylated
esters which can be polymerized. The methacrylation reaction uses methacrylic anhydride
as areagent and the chosen catalyst for this reaction is potassium 2-ethylhexanoate. The
polymerizable products’ structures are verified by numerous methods (MS, FT-IR, 1H NMR,
13C NMR) as well.

2. Materials and Methods
2.1. Materials

PLA granulate was supplied from Fillamentum Manufacturing Czech s.r.o., Hulín,
Czech Republic. Measured polymer parameters were as follows: number-average molecu-
lar weight (Mn), 123,500 g/mol; weight-average molecular weight (MW), 235,300 g/mol;
dispersity, 1.90. PHB powder was acquired from NAFIGATE Corporation a.s., Prague,
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Czech Republic. Measured polymer parameters were as follows: number-average molecu-
lar weight (Mn), 85,040 g/mol; weight-average molecular weight (MW), 211,400 g/mol;
dispersity, 2.49. All measurements of polymer properties were measured via GPC (Agi-
lent 1100, Santa Clara, CA, USA) in chloroform (CHCl3) and the analysis parameters were
as follows: mobile phase flow 1 mL/min; column temperature 30 ◦C, used column: PLgel
5 µm MIXED-C (300 × 7.5 mm). Aliphatic alcohols for depolymerization (methanol 99%,
ethanol 99%) were supplied by Honeywell Research Chemicals, Charlotte, NC, USA (used
alcohols were not claimed either synthetic or bio-source by the supplier). The catalyst for al-
coholyses (p-toluensulphonic acid monohydrate), methacrylic anhydride (94%), potassium
hydroxide (p.a.), d-chloroform (CDCl3; 99.8%), and 2-ethylhexanoic acid (for synthesis)
were all acquired from Sigma-Aldrich, Prague, Czech Republic.

2.2. Methods for the Characterization of Products
2.2.1. Fourier-Transform Infrared Spectrometry (FT-IR)

Infrared spectrometry was used as one of the structure verification methods, but
itwas mainly supposed to serve as a confirmation of –OH hydroxyl functional groups in
alkyl esters of either lactic acid or 3-hydroxybutanoic acid. Analyses were performed on
the infrared spectrometer Bruker Tensor 27 (Billerica, MA, USA) by the attenuated total
reflectance (ATR) method using diamond as a dispersion component. The irradiation
source in this type of spectrometer is a diode laser. Due to the fact that instrumentation
uses Fourier transformation, the Michelson interferometer was used for the quantification
of the signal. Spectra were composed out of 32 total scans with a measurement resolution
of 2 cm−1.

2.2.2. Mass Spectrometry (MS)

MS conditions were as follows: ESI in positive mode; spray voltage: 3500 V; cone
temperature 350 ◦C; cone gas flow: 35 a.u.; heated probe temperature: 650 ◦C; probe gas
flow: 40 a.u., nebulizer gas flow: 55 a.u., and exhaust gas: ON. For quantification, MRM
mode was used with the following MRM transitions for MeLa (RT 1.24 min; 105.1 > 84.6
with CE 0.25 eV;105.1 > 93.9 with CE 0.25 eV and 105.1 > 45.0 with CE 2 eV), for EtLa
(RT 2.35 min; 119.1 > 47.3 with CE 2.0 eV and 119.1 > 91.1 with CE 2.0 eV) for M3HB (RT
1.91 min; 119.1 > 59.0 with CE 10 eV; 119.1 > 87.2 with CE 2.5 eV; and 119.1 > 101.2 with
CE 1.0 eV), and for E3HB (RT 3.58 min; 133.1 > 73.3 CE with 5 eV and 133.1 > 87.2 with CE
5 eV). The collision gas Argon was used ata pressure of 1.5 mTorr.

Additionally, by the same MS method, newly synthesized monomers methacry-
lated methyl lactate (MeLaMMA), methacrylated ethyl lactate (EtLaMMA), methacrylated
methyl 3-hydroxybutyrate (M3HBMMA), and methacrylated ethyl 3-hydroxybutyrate
(E3HBMMA) were qualitatively characterized by product scan; therefore, themass spec-
tra of these compounds were obtained. The precursor of MeLAaMMA (m/z 173.1) was
fragmented (CE 10 eV) and the following product ions were obtained: 57.3 and 74.2. The
precursor of EtLaMMA (m/z 187.0) was fragmented (CE 2.5 eV) and the following product
ions were obtained: 69.2; 113.1 and 141.1. The precursor of M3HBMMA (m/z 187.1) was
fragmented (CE 2.5 eV) and the following product ions were obtained: 59.3; 69.2; 101.1
and 155.1. The precursor of E3HBMMA (m/z 201.0) was fragmented (CE 2.5 eV) and the
following product ions were obtained: 69.0; 73.3; 115.1; and 155.0.

2.2.3. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance was used to obtain 1H and 13C spectra to confirm the
structure of synthesized molecules. The measurements were conducted by instrument
Bruker Avance III 500 MHz (Bruker, Billerica, MA, USA) with the measuring frequency
of 500 MHz for 1H NMR and 126 MHz for 13C NMR at the temperature of 30 ◦C using
d-chloroform (CDCl3) as a solvent with tetramethylsilane (TMS) as an internal standard.
The chemical shifts (δ) are expressed in part per million (ppm) units which are referenced
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by a solvent. Coupling constant J has (Hz) unit with coupling expressed as s—singlet,
d—doublet, t—triplet, q—quartet, p—quintet, m—multiplet.

2.3. Alcoholyses of Polyesters

All depolymerization reactions took place in the high-pressure reactor of a volume
reservoir of 1.8 L. Mixtures consisting of the polyester (PLA or PHB) and the alcohol
(methanol or ethanol) in amolar ratio 1:4 (PLA/PHB:MeOH/EtOH) with the presence of
dissolved catalyst p-toluensulphonic acid in a molar ratio 1:0.01 (PLA/PHB:p-TSA) were
transferred into the reactor (see Scheme 1 for PLA and Scheme 2 for PHB). The reactor was
heated up to 151 ◦C and the pressure increased regarding the particular type of suspense
according to the vapor-pressure characteristics of the alcohol and forming ester product
(ranging from 7 to 15 bar). The samples for kinetics analysis were taken directly from the
reactor and cooled down immediately. The kinetics of forming monoesters was monitored
via LC–MS analysis. The conversion of the particular polyester was calculated from the
leftover polymer acquired by mixing the reaction solution sample with water. The unreacted
polymer was precipitated and weighed. After the alcoholyses were stopped (depending
on the particular combination of reagents) the leftover alcohol and the formed monoester
were distilled from the solution. Products of the depolymerization were analyzed via MS,
FT-IR, 1H NMR, and13C NMR for structure verification. Yields of monoester (Yield) and
polymer conversions (X) were calculated as follows:

X =
Starting polymer weight − leftover polymer weight

Starting polymer weight
× 100% (1)

Yield =
Measured quantity of ester

Theoretical quantity of ester
× 100% (2)
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Methyl lactate (MeLa): 1H NMR (Figure S1) (CDCl3, 500 MHz): δ(ppm) 4.30–4.26
(q; J = 6.9 Hz; 1H), 3.78 (s; 3H), 2.80 (s; 1H), 1.42–1.41 (d; J = 6.9 Hz; 3H). 13C NMR
(Figure S5) (CDCl3, 126 MHz): δ(ppm) 176.26; 66.90; 52.65; 20.50.

Ethyl lactate (EtLa): 1H NMR (Figure S2) (CDCl3, 500 MHz): δ (ppm) 4.27–4.21 (m;
3H), 2.84 (s; 1H), 1.41–1.40 (d; J = 6.9 Hz; 3H), 1.31–1.28 (t; J = 7.16; 7.16 Hz; 3H). 13C NMR
(Figure S6) (CDCl3, 126 MHz): δ (ppm) 175.72; 66.76; 61.64; 20.38; 14.15.
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Methyl 3-hydroxybutyrate (M3HB): 1H NMR (Figure S3) (CDCl3, 500 MHz): δ (ppm)
4.22–4.16 (qd; J = 8.54; 6.30; 6.27; 6.27 Hz; 1H), 3.70 (s; 3H), 2.93 (s; 1H), 2.51–2.40 (m; 2H),
1.23–1.22 (d; J = 6.30 Hz 3H). 13C NMR (Figure S7) (CDCl3, 126 MHz): δ (ppm) 173.29; 64.28;
51.71; 42.63; 22.49.

Ethyl 3-hydroxybutyrate (E3HB): 1H NMR (Figure S4) (CDCl3, 500 MHz): δ 4.22–4.15
(q; J = 7.16; 7.12; 7.12 Hz; 3H), 2.98 (s; 1H), 2.50–2.46 (dd; J = 16.38; 3.48 Hz; 1H), 2.43–2.38
(dd; J = 16.40; 8.68 Hz; 1H), 1.28–1.25 (t; J = 6.52; 6.52 Hz; 3H), 1.23–1.22 (d; J = 6.93 Hz; 3H).
13CNMR (Figure S8) (CDCl3, 126 MHz): δ (ppm) 172.93; 64.30; 60.67; 42.83; 22.45, 14.19.

2.4. Methacrylation of Alkyl Esters

Synthesized alkyl esters of either lactic acid or 3-hydroxybutanoic acid did undergo a
reaction with methacrylic anhydride (MAA) in order to form a polymerizable monomer.
The reaction mixtures were prepared in a molar ratio 1:1 (ester:MAA) (see Scheme 3
for lactates and Scheme 4 for 3-hydroxybutyrates). The reaction mixture was poured
into a three-necked round bottom flask and placed in an oil bath tempered at 80 ◦C
and stirred via a magnetic stirrer. The reactions were catalyzed by a 50% solution of
potassium 2-ethylhexanoate in 2-ethylhexynoic acid (2-EHA) that was prepared via a
neutralization reaction of 2-ethylhexanoic acid with potassium hydroxide in a mass ratio
1:2 (KOH:acid) while the reaction water was evaporated. The catalyst was added to the
mixture in a molar ratio 1:0.02 (ester:catalyst). The reaction started the moment the catalyst
was added and all reactions took 24 h of reaction time. The conversions of reactants and the
yields of forming products were monitored via GC-FID analysis. The formed methacrylic
acid was neutralized by potassium hydroxide aqueous solution and separated from the
metracrylated product. Methacrylated alkyl ester structures were verified via MS, FT-IR,
1H NMR, and13C NMR methods.
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Methacrylated methyl lactate (MeLaMMA): 1H NMR (Figure S9) (CDCl3, 500 MHz):
δ(ppm) 6.20–6.19 (dd; J = 1.54; 0.94 Hz; 1H), 5.63–5.62 (p; J = 1.53; 1.53; 1.52; 1.52 Hz; 1H),
5.17–5.13 (q; J = 7.08; 7.07; 7.07 Hz; 1H), 3.75 (s; 3H), 1.97–1.96 (dd; J = 1.6; 1.00 Hz; 3H),
1.53(d; J = 7.00 Hz; 3H). 13C NMR (Figure S13) (CDCl3, 126 MHz): δ (ppm)171.30; 166.68;
135.63; 126.44; 68.77; 52.27; 18.13; 16.96.

Methacrylated ethyl lactate (EtLaMMA): 1H NMR (Figure S10) (CDCl3, 500 MHz):
δ(ppm) 6.20–6.19 (p; J = 1.07; 1.07; 1.07; 1.07 Hz; 1H), 5.63–5.61 (p; J = 1.57; 1.57; 1.57; 1.57Hz;
1H), 5.14–5.10 (q; J = 7.07; 7.07; 7.03 Hz; 1H), 4.23–4.18 (q; J = 7.16; 7.16; 7.15 Hz; 2H),
1.97–1.96 (dd; J = 1.58; 1.01 Hz; 3H), 1.53–1.52 (d; J = 7.05 Hz; 3H), 1.28–1.26 (t; J = 7.15;
7.15 Hz; 3H); 1.53–1.52 (d; J = 7.05 Hz; 3H), 1.28–1.26 (t; J = 7.15; 7.15 Hz; 3H). 13C NMR
(Figure S14) (CDCl3, 126 MHz): δ (ppm) 170.86; 166.76; 135.74; 126.35; 68.93; 61.31; 18.18;
16.97; 14.11.
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Methacrylated methyl 3-hydroxybutyrate (M3HBMMA): 1H NMR (Figure S11) (CDCl3,
500 MHz): δ (ppm) 6.07–6.06 (dq; J = 1.96; 1.02; 0.98; 0.98 Hz; 1H), 5.56–5.53 (p; J = 1.60; 1.60;
1.58; 1.58 Hz; 1H), 5.35–5.29 (dp; J = 7.32; 6.26; 6.26; 6.25; 6.25 Hz; 1H), 3.68 (s; 3H), 2.72–2.67
(dd; J = 15.34; 7.29 Hz; 1H), 2.57–2.53 (dd; J = 15.35; 5.79 Hz; 1H), 1.92 (dd; J = 1.63; 1.01 Hz;
3H), 1.35–1.34 (d; J = 6.36 Hz; 3H). 13C NMR (Figure S15) (CDCl3, 126MHz): δ (ppm) 170.70;
166.59; 136.47; 125.41; 67.68; 51.73; 40.74; 19.89; 18.23.

Methacrylated ethyl 3-hydroxybutyrate (E3HBMMA): 1HNMR (Figure S12) (CDCl3,
500 MHz): δ (ppm) 6.07–6.06 (dd; J = 1.75; 0.97 Hz; 1H), 5.54–5.53 (q; J = 1.63; 1.63; 1.63
Hz; 1H), 5.35–5.29 (dp; J = 7.50; 6.24; 6.24; 6.24; 6.24 Hz; 1H), 4.16–4.10 (qd; J = 7.11; 7.06;
7.06; 0.96Hz; 2H), 2.69–2.65 (dd; J = 15.28; 7.42 Hz; 1H), 2.55–2.51 (dd; J = 15.29; 5.75 Hz;
1H), 1.94–1.91 (m; 3H), 1.34–1.33 (d; J = 6.28 Hz; 3H), 1.25–1.22 (t; J = 7.13; 7.13 Hz; 3H). 13C
NMR (Figure S16) (CDCl3, 126 MHz): δ (ppm) 170.21; 166.54; 136.46; 125.33; 67.71; 60.57;
41.01; 19.85; 18.19; 14.14.

2.5. Methods for the Reaction Kinetics Study
2.5.1. LC–MS Method for Depolymerization Kinetics

Samples were obtained from the reactor during organic synthesis, followed by quantifica-
tion of products methyl lactate (MeLa), ethyl lactate(EtLa), methyl 3-hydroxybutyrate(M3HB),
and ethyl 3-hydroxybutyrate(E3HB) by ultra-performance liquid chromatography (UHPLC
Agilent 1290 Infinity LC) in tandem with triple quadruple (Bruker EVOQ LC-TQ) (Billerica,
MA, USA) with atmospheric pressure electrospray ionization (ESI). An external generator of
gases was used as the source of nitrogen and air (Peak Scientific—Genius 3045) (Inchinnan,
UK). As a stationary phase column, Luna® Omega Polar C18 Phenomenex (100 × 2.1 mm,
1.6 µm) was used. The optimum column temperature was adjusted to 40 ◦C and the flow
rate was set to 0.5 mL/min. The mobile phases were as follows: (A) 0.1% HCOOH in H2O
and (B) ACN were used with the following gradient program of An eluent (%): t (0 min) = 90,
t (0.5 min) = 85, t (3.5 min) = 5, t (4.5 min) = 95. Stop time was set to 6.0 min and re-equilibration
time was set to 2.0 min. The injection volume applied in all analyses was 7 µL.

MS conditions were as follows: ESI in positive mode; spray voltage: 3500 V; cone
temperature 350 ◦C; cone gas flow: 35 a.u.; heated probe temperature: 650 ◦C; probe gas
flow: 40 a.u., nebulizer gas flow: 55a.u. and exhaust gas: ON. For quantification, MRM
mode was used with the following MRM transitions for MeLa (RT 1.24 min; 105.1 > 84.6
with CE 0.25 eV; 105.1 > 93.9 with CE 0.25 eV and 105.1 > 45.0 with CE 2 eV), for EtLa
(RT 2.35 min; 119.1 > 47.3 with CE 2.0 eV and 119.1 > 91.1 with CE 2.0 eV), for M3HB (RT
1.91 min; 119.1 > 59.0 with CE 10eV; 119.1 > 87.2 with CE 2.5 eV and 119.1 > 101.2 with
CE 1.0 eV), and for E3HB (RT 3.58 min; 133.1 > 73.3 CE with 5eV and 133.1 > 87.2 with CE
5 eV). The collision gas Argon was used ata pressure of 1.5 mTorr.

2.5.2. GC-FID Method for Methacrylation Kinetics

Samples were obtained from the reactor during organic synthesis, followed by quan-
tification of reactants (alkyl esters, methacrylic anhydride) by gas chromatography (Hewlett
Packard 5890 Series II) (Palo Alto, CA, USA) with a flame ionization detector (FID). Gas
bottles of nitrogen (as auxiliary gas for FID), air (as an oxidizer for FID), and hydrogen (as
carrier gas and fuel for FID) were used. Capillary GC column ZB-624 (60 m × 0.32 mm,
1.8 µm) served as a stationary phase. The temperature of the inlet was set to 200 ◦C and
the temperature of the detector to 260 ◦C. Substances were separated with atemperature
gradient, with an initial temperature of 60 ◦C (held for 1 min) followed by atemperature
rate of 20 ◦C/min with a final temperature of 250 ◦C (held for 15 min). The column flow
rate set for the analyses was 3 mL/min and the split ratio was 1:40. The injection volume
applied in all analyses was 1 µL. The retention time of peaks: MeLa (RT6.15 min); EtLa (RT
7.05 min); M3HB (RT 7.76 min); E3HB (RT 8.53 min); MAA (RT 9.88 min); MeLaMMA (RT
9.80); EtLaMMA (RT10.45 min); M3HBMMA (RT 10.85); E3HBMMA (RT 14.48 min).
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3. Results
3.1. Depolymerization of PLA and PHB via Alcoholysis

The reaction mixtures for the depolymerization were prepared according to the mass
proportion shown in Table 1. The mass of a particular polymer in every mixture was
constant and the amount of reacting nucleophile (alcohol) changed depending on the molar
ratio of the treactants. The amounts of catalyst (p-TSA) for each reaction solution are written
in the table as well. Table 1 also contains information on the boiling points of each alkyl
ester that was synthesized.

Table 1. Depolymerization mixture components and boiling point values of synthesized monoesters.

Methyl
Lactate

Ethyl
Lactate

Methyl
3-Hydroxybutyrate

Ethyl
3-Hydroxybutyrate

Reaction
mixture

Polymer 200 g PLA 200 g PLA 200 g PHB 200 g PHB
Alcohol 356 g MeOH 511 g EtOH 298 g MeOH 428 g EtOH
Catalyst 5.28 g p-TSA 5.28 g p-TSA 4.42 g p-TSA 4.42 g p-TSA

Boiling point 145 ◦C [39] 154 ◦C [40] 159 ◦C [41] 185 ◦C [42]

The results of the LC–MS analysis in Figure 1a show that methyl esters of each
lactic or 3-hydroxybutanoic acid reach their reaction equilibria after about 90 min of
depolymerization (MeLawas slightly faster than M3HB), resulting in yields of 93.8% for
MeLa and 91.6% for M3HB. On the other hand, the ethyl esters of both carboxylic acids
did not reach their total yield value after 4 h of reaction. The reaction rate of ethyl 3-
hydroxybutyrate seems to be the slowest, reaching a yield of 76.0% after 240 min. The ethyl
lactate’s yield after the same reaction time reached 85.1%. The differences between the
product yields could be caused by the steric effects of the particular molecules involved in
the reaction.
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Figure 1. (a) The increase in particular yields of monoesters during the depolymerization reaction
of PLA or PHB; (b) the increase in particular conversions of polymers during the depolymerization
reaction of PLA or PHB.

The conversion signs of progress of either PLA or PHB during the depolymerization
reactions are displayed in Figure 1b. They have been acquired by weighing the residual
polymer from the taken sample. The precipitated content of the unreacted polymer was
measured and the percentage of conversion was calculated. The results have very similar
data curves as the values of the products’ yields due to the fact that these values are
connected. The conversion of PLA is 94.8% for methanolysis (after 120 min) and the
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conversion of PLA is 89.1% for ethanolysis (after 240 min). PHB reached conversions values
of 92.8% (MeOH, 120 min) and 80.0% (EtOH, 240 min).

The pressure of the reacting mixture was monitored during every alcoholysis. The
results shown in Figure 2 confirm the progressing depolymerization for each mixture. Due
to the incorporation of alcohol into the structure of the alkyl ester, the pressure in the
system should decrease as a result of decreasing the presence of evaporating alcohol. These
expectations are fulfilled except for the methyl lactate. The pressure of the system for the
methanolysis of PLA increases after 45 min of reaction. This elevation is caused by the
forming MeLa since the reaction temperature was 151 ◦C and the boiling point value of
MeLa is below this temperature (shown in Table 1). Therefore, the occurring monoester
participates in the pressure increase.
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Figure 2. Pressure values dependence on time during depolymerization.

3.2. Kinetics of the Depolymerization of PLA and PHB via Alcoholysis

The first-order reaction order is mostly used to describe the alcoholysis depolymeriza-
tion due to the fact that if the excess of alcohol is added to the mixture, the concentration
of polymer molecules affects the reaction kinetics directly due to its lesser molar amount
of mixture [43,44]. If the first-order reaction is used for the calculation, the equations are
the following:

r =
dcpolymer

dt
= −kcpolymer, (3)

where r is the reaction rate (mol/(dm3·min)), k represents the reaction constant (min−1),
and cpolymer stands for the molar concentration of the polymer (mol/dm3) at time t (min).
The molar concentration of the polymer as a reagent can be substituted by the following
conversion values:

cpolymer = (1 − X), (4)

where the molar concentration (cpolymer) is expressed by conversion (X). This equation
is applied for the values of conversion from the number interval of <0,1>. If the molar
concentration is replaced with the conversion, the first-order equation has to be rewritten:

dX
dt

= k(1 − X) (5)

If Equation (5) is calculated generally, the steps are as follows:

dX
(1 − X)

= kdt (6)
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∫ X

0

dX
(1 − X)

= k
∫ t

0
dt (7)

−[ln(1 − X)− ln(1)] = kt (8)

ln
1 − X

1
= −kt (9)

ln
1

1 − X
= kt (10)

Equation (10) was applied to the kinetics values measured by LC–MS analysis. The
conversion was transferred into a modified form using the logarithm of a fraction and the
dependence on time, as shown in Figure 3. There is evidence that the highest reaction rate
constant comprises the depolymerization of PLA in methanol (producing MeLa) with the
value of approximately 0.0425 min−1. On the other hand, the depolymerization of PHB in
ethanol provided the lowest value of reaction rate constant, reaching approx. 0.0064 min−1.
The rest of the reaction rate constants (k) are shown in Table 2.
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Figure 3. Kinetics of depolymerization of PLA and PHB polymers providing reaction rate constants (k).

Table 2. The values of reaction rate constants (k) for depolymerization of PLA and PHB via alcoholysis.

Methyl
Lactate

Ethyl
Lactate

Methyl
3-Hydroxybutyrate

Ethyl
3-Hydroxybutyrate

Reaction rate constant k (min−1) 0.0425 0.0327 0.0103 0.0064

3.3. Structural Characterization of Synthesized Alkyl Esters
3.3.1. FT-IR Analyses of Alkyl Esters

Infrared spectrometry using Fourier transformation was used as the first method to
confirm the distilled synthesized product. The main peaks shown in Figure 4 lay in the
intervals of wave numbers of either 3700–3200 cm−1 (–OH stretching) or the values of
1210–1163 cm−1 (C=O stretching) and 1750–1735 cm−1 (C–O stretching). In particular, the
ester bond stretching signals are important since the initial suspension mixture would
contain aliphatic alcohol, which provides the signal for the hydroxyl functional groups
as well.

25
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of PLA and PHB.

3.3.2. MS Analyses of Alkyl Esters

The analytic procedure to obtain all MS spectra of synthesized alkyl esters of lactic and
3-hydroxybutyric acid is described above (see Section 2.2.2). All molecular precursor ions
have been measured as products of the ESI ionization process. Other signals are particular
product ions occurring due to the fragmentation of the molecules apart during the MS/MS
analysis. All spectra are shown in Figure 5.

3.4. Methacrylation of the Alkyl Esters of Lactic and 3-Hydroxybutanoic Acid

The reaction mixtures for the syntheses of methacrylated alkyl esters of carboxylic acids
were prepared according to the mass proportion shown in Table 3. The mass of a particular
alkyl ester in every mixture was constant and the amount of reacting methacrylic anhydride
changed depending on the molar ratio of the reactants. The amount of catalyst (50% solution
of potassium 2-ethylhexanoate in 2-ethylhexanoic acid) was calculated according to the
particular reacting alkyl ester.

Table 3. Methacrylation mixture components for the synthesis of methacrylated alkyl monoesters.

Methacrylated
Methyl
Lactate

Methacrylated
Ethyl

Lactate

Methacrylated
Methyl

3-Hydroxybutyrate

Methacrylated
Ethyl

3-Hydroxybutyrate

Reaction
mixture

Ester 30 g MeLa 30 g EtLa 30 g M3HB 30 g E3HB
Anhydride 44.4 g MAA 39.2 g MAA 39.2 g MAA 35.0 g MAA

Catalyst 2.1 g solution 1.85 g solution 1.85 g solution 1.66 g solution

Mixture volume 70.42 cm3 66.92 cm3 66.26 cm3 63.31 cm3

The results of the methacrylation reaction that forms methacryled alkyl esters of lactic
or 3-hydroxybutanoic acid are shown in Figure 6. Both reactants which were monitored
(alkyl ester and methacrylic anhydride) via GC-FID analysis have similar time progressions
of their conversion values due to the fact that their molar ratio in the reacting mixtures was
1:1 mol in all cases. The conversion values of methacrylic anhydride are slightly higher,
likely due to the fact that the anhydride participated in secondary reactions in the reaction
mixture (water hydrolysis, etc.). It is evident that the esters of lactic acid (MeLa and EtLa),
formed into the products MeLaMMA and EtLaMMA, respectively, progressed faster in time
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than the alkyl esters of 3-hydroxybutanoic acid. These results may have been determined
by the steric effects of each ester and due to their varying polarity which could have affected
the effectiveness of the catalyst.
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Figure 6. (a) The increase in particular conversions of alkyl esters of lactic and 3-hydroxybutanoic acid
in time during the methacrylation reactions; (b) The increase in conversion of methacrylic anhydride
in time during the methacrylation reactions.

The methacrylation reactions were performed for 24 h to obtain the highest yields of
the methacrylated product. The graphs below are presented in order to compare the rates
of each particular reaction which served for the calculation of reaction rate constants. The
yields of methacrylated alkyl esters products increasing in time are shown in Table 4. The
yield quantified after 5 h of reaction is shown for comparison.

Table 4. Methacrylated alkyl ester yields compared after 5 h and 24 h of methacrylation reaction.

Methacrylated
Methyl
Lactate

Methacrylated
Ethyl

Lactate

Methacrylated
Methyl

3-Hydroxybutyrate

Methacrylated
Ethyl

3-Hydroxybutyrate

Yield of product 5 h
24 h

86.2% 80.2% 59.5% 45.6%
99.5% 99.4% 98.3% 98.0%

3.5. Kinetics of the Methacrylation Reactions

It is assumed that when equimolar amounts of both reactants (alkyl ester and methacrylic
anhydride) are used, the rate of methacrylation is dependent on the concentration of both
reactants. The acylation of hydroxyl functional groups using homogeneous catalysis was con-
sidered as potential reaction kinetics (methacrylation reaction is a type of the acylation) [45].
The Equations defining the dependence of the concentration of both reactants (alkyl ester and
methacrylic anhydride) on time leading to acquiring the reaction rate constant are as follows:

r′ =
dcester

dt
=

dcMAA
dt

= −k′cestercMAA, (11)

Equation (11) defines the conventional second-order rate where r’ is the reaction rate
(mol/(dm3·min)), k′ represents the reaction constant (dm3/(mol·min)), cester stands for
the molar concentration of a particular alkyl ester (mol/dm3), and cMAA stands for the
molar concentration of methacrylic anhydride (mol/dm3) at time t (min). To solve the
second-order rate of reaction, several mathematical adjustments need to be made:

c0
ester = a (12)

c0
MAA = b (13)
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cester = a − x (14)

cMAA = b − x, (15)

where x stands for the concentration of each reactant in particular time t (min), c0
ester

(mol/dm3) is the initial concentration of alkyl ester, and c0
MAA (mol/dm3) is the initial

concentration of methacrylic anhydride. Considering these additional defined quantities,
Equation (11) can be rearranged and solved:

−dx
dt

= −k′
(

c0
ester − x

)(
c0

MAA − x
)

(16)

∫ x

0

dx
(c0ester − x)(c0

MAA − x)
= k′

∫ t

0
dt (17)

1
b − a

(ln
1

a − x
− ln

1
b − x

) = k′t (18)

1
c0

MAA − c0ester
(ln

c0
ester

c0ester − x
− ln

c0
MAA

c0
MAA − x

) = k′t, (19)

The left side of Equation (19) can be simplified by applying the rule of logarithm,
and when the simplified equation has been rearranged, the dependence of the actual
concentration during the reaction on time can be formed:

1
c0

MAA − c0ester
ln

c0
estercMAA

c0
MAAcester

= k′t (20)

ln
c0

estercMAA
c0

MAAcester
= k′

(
c0

MAA − c0
ester

)
t (21)

Equation (21) can be used to obtain the reaction rate constant k′. If the graphic solution
is applied, the slope of the linear curve acquired from the graph contains the constant
k′. All data gathered during the reaction progress in time recalculated for mathematical
purposes are shown in Figure 7. All reaction rate constants are written in Table 5. It is
evident from the results that, in general, the methacrylation reactions of alkyl esters of lactic
acid have higher reaction rate constants than the alkyl esters of 3-hydroxybutanoic acid. It
is assumed that the availability of the hydroxyl functional group of lactates is better than
for 3-hydroxybutyrates.
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Figure 7. The graphic solution of second-order reaction rate of methacrylation reaction of alkyl esters.
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Table 5. The calculated values of reaction rate constants (k′) for methacrylation of alkyl esters of lactic
and 3-hydroxybutyric acid from the slope of the graphic solutions.

Methacrylated
Methyl
Lactate

Methacrylated
Ethyl

Lactate

Methacrylated
Methyl

3-Hydroxybutyrate

Methacrylated
Ethyl

3-Hydroxybutyrate

Reaction rate constant
k′ (dm3/(mol·min)) 0.0885 0.0554 0.0092 0.0079

3.6. Structural Characterization of Synthesized Methycrylated Alkyl Esters
3.6.1. FT-IR Analyses of Methacrylated Alkyl Esters

Infrared spectrometry using Fourier transformation’s results for the confirmation of the
structures of the synthesized methacrylated alkyl esters are displayed in Figure 8. Peaks
showing the presence of signals, which belong to ester bonds, lay in the intervals of wave
numbers of either 1210–1163 cm−1 (C=O stretching) or the values of 1750–1735 cm−1 (C–O
stretching). The signals referring to C–O stretching are split in every spectrum. The reason for
the splitting of the peak is the presence of two different types of ester bonding in molecules.
One bond belongs to the ester of lactic or 3-hydroxybutanoic acid and aliphatic alcohol. The
other signal refers to the ester bond between the formed alkyl ester of carboxylic acid and
the methacrylic acid. The second type of signal that can be found in FT-IR spectra reaches
the values of wave numbers of either 1670–1600 cm−1 (C=C stretching) or 1000–650 cm−1

(C=C bending). These peaks uncover the presence of unsaturated double bonds within the
structures of synthesized products that belong to methacrylates. Another confirmation of
the successful methacrylation is the absence of signal in the area of 3700–3200 cm−1 (–OH
stretching). These functional groups were supposed to react with methacrylic anhydride.
Therefore, their peaks are missing in comparison with FT-IR spectra in Figure 4.
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reaction of alkyl esters of lactic acid or 3-hydroxybutanoic acid and methacrylic anhydride.

3.6.2. MS Analyses of Methacrylated Alkyl Esters

The analytic procedure to obtain all MS spectra of synthesized methacrylated alkyl
esters is described above (see Section 2.2.2). All molecular precursor ions have been
measured as products of the ESI ionization process. Other signals are particular product
ions occurring due to the fragmentation of the molecules during the MS/MS analysis. All
spectra are shown in Figure 9.
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Figure 9. MS spectra of the synthesized methacrylated alkyl esters of lactic acid or 3-hydroxybutanoic acid.
(a) Methacrylated methyl lactate (MeLaMMA); (b) methacrylated ethyl lactate (EtLaMMA); (c) methacry-
lated methyl 3-hydroxybutyrate (M3HB); (d) methacrylated ethyl 3-hydroxybutyrate (E3HB).

4. Discussion

This work was focused on the experimental confirmation of the depolymerization of
poly(lactic acid) (PLA) and poly(3-hydroxybutyrate) (PHB) via alcoholysis. All reactions
were performed in identical conditions, which were a temperature of 151 ◦C, the presence
of the constant amount of molar alcohol access (4:1) and the catalyst para-toluenesulphonic
acid, particularly 1% mol. of the particular polyester. The pressure of the reaction solution
differed regarding the used alcohol and the particular reaction combination. In all cases,
the pressure in the reactor decreased over time except for the mixture containing methanol
and poly(lactic acid). This mixture’s pressure elevated from 12.54 bar to 13.40 due to the
boiling point value of methyl lactate being 145 ◦C, which means this ester evaporated in
the reactor as well. Generally, lower pressure values were measured for theethanolyses of
both PLA and PHB, which decreased from an approximate value of 8.63 bar to 7.54 (E3HB)
and 7.39 (M3HB). The decrease is the consequence of lowering the volatility of the reacting
solution due to the forming of alkyl esters. It was also found that the rates of methanolyses
are faster than the rates of ethanolyses. Depolymerization reaction rate constants (k) were
calculated for all experimental reactions, resulting in the highest one of 0.0425 (min−1) for
the methanolysis of PLA and the lowest constant related to ethanolysis of PHB, reaching
a value of 0.0064 (min−1). These differences are probably caused by the steric effects of
particular reactants. The yields of each product were: 93.79% MeLa (120 min); 91.64%
M3HB (120 min); 85.08% EtLa (240 min); and 76.03% E3HB (240 min).

The synthesized alkyl esters from the depolymerization of PLA and PHB were modi-
fied by the methacrylation reaction with methacrylic anhydride (MAA) to methacrylated
alkyl esters, which are polymerizable. The reaction mixtures were composed of equal mass
amounts of alkyl esters and different amounts of methacrylic anhydride in equimolar ratio
to the esters. The catalyst used for the methacrylation was potassium 2-ethylheaxoate (50%
mass solution) in 2-ethylhexanoic acid. The amount of catalyst was 2% mol. The rates of the
methacrylation at 80 ◦C of each alkyl ester define the calculated reaction rate constants (k′).
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It has been observed that in general, the methacrylation of alkyl lactates was faster than in
the case of alkyl 3-hydroxybutyrates. The highest value of methacrylation rate constant
comprises the mixture containing methyl lactate (k′ = 0.0885 dm3/(mol·min)).On the other
hand, the lowest one belongs to ethyl 3-hydroxybutyrate (k′ = 0.0079 dm3/(mol·min)).
These constants have been calculated according to the reactions’ progress in time to evalu-
ate a comparison for all reactants, but the methacrylation reactions of all alkyl esters were
performed for 24 h to ensure the biggest possible yield. All yields reached values equal to
or higher than 98%.

5. Conclusions

Several conclusions from the performed experiments can be summarized. The type
of aliphatic alcohol plays a major role in the rate of depolymerization of the polyesters
PLA and PHB. Methanol ensures a faster depolymerization process than ethanol. However,
using methanol can be problematic regarding the used equipment due to the fact that these
mixtures produce a higher overpressure. The methacrylation of all alkyl esters of lactic
or 3-hydroxybutanoic acid reaches high yields after 24 h, close to 100%. Nevertheless, the
lactic esters undergo methacrylation reaction at a faster rate than the 3-hydroxybutyrates.
The distillation of the forming methacrylic acid could be performed instead of neutral-
izing and washing the acid; however, the appropriate stabilization against spontaneous
polymerization has to be ensured.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym14235236/s1, Figure S1: 1H NMR spectrum of methyl lactate
(MeLa). 1H NMR (CDCl3, 500 MHz): δ (ppm) 4.30–4.26 (q; J = 6.9 Hz; 1H), 3.78 (s; 3H), 2.80 (s; 1H),
1.42–1.41 (d; J = 6.9 Hz; 3H). Figure S2: 1H NMR spectrum of ethyl lactate (EtLa). 1H NMR (CDCl3,
500 MHz): δ (ppm) 4.27–4.21 (m; 3H), 2.84 (s; 1H), 1.41–1.40 (d; J = 6.9 Hz; 3H), 1.31–1.28 (t; J = 7.16;
7.16 Hz; 3H). Figure S3: 1H NMR spectrum of methyl 3-hydroxybutyrate (M3HB). 1H NMR (CDCl3,
500 MHz): δ (ppm) 4.22–4.16 (qd; J = 8.54; 6.30; 6.27; 6.27 Hz; 1H), 3.70 (s; 3H), 2.93 (s; 1H), 2.51–2.40
(m; 2H), 1.23–1.22 (d; J = 6.30 Hz 3H). Figure S4: 1H NMR spectrum of ethyl 3-hydroxybutyrate
(E3HB). 1H NMR (CDCl3, 500 MHz): δ 4.22–4.15 (q; J = 7.16; 7.12; 7.12 Hz; 3H), 2.98 (s; 1H), 2.50–2.46
(dd; J = 16.38; 3.48 Hz; 1H), 2.43–2.38 (dd; J = 16.40; 8.68 Hz; 1H), 1.28–1.25 (t; J = 6.52; 6.52 Hz; 3H),
1.23–1.22 (d; J = 6.93 Hz; 3H). Figure S5: 13C NMR spectrum of methyl lactate (MeLa). 13C NMR
(CDCl3, 126 MHz): δ (ppm) 176.26; 66.90; 52.65; 20.50. Figure S6: 13C NMR spectrum of ethyl lactate
(EtLa). 13C NMR (CDCl3, 126 MHz): δ (ppm) 175.72; 66.76; 61.64; 20.38; 14.15. Figure S7: 13C NMR
spectrum of methyl 3-hydroxybutyrate (M3HB). 13C NMR (CDCl3, 126 MHz): δ (ppm) 173.29; 64.28;
51.71; 42.63; 22.49. Figure S8: 13C NMR spectrum of ethyl 3-hydroxybutyrate (E3HB). 13C NMR
(CDCl3, 126 MHz): δ (ppm) 172.93; 64.30; 60.67; 42.83; 22.45, 14.19. Figure S9: 1H NMR spectrum
of methacrylated methyl lactate (MeLaMMA). 1H NMR (CDCl3, 500 MHz): δ (ppm) 6.20–6.19 (dd;
J = 1.54; 0.94 Hz; 1H), 5.63–5.62 (p; J = 1.53; 1.53; 1.52; 1.52 Hz; 1H), 5.17-5.13 (q; J = 7.08; 7.07; 7.07 Hz;
1H), 3.75 (s; 3H), 1.97–1.96 (dd; J = 1.6; 1.00 Hz; 3H), 1.53 (d; J = 7.00 Hz; 3H). Figure S10: 1H NMR
spectrum of methacrylated ethyl lactate (EtLaMMA). 1H NMR (CDCl3, 500 MHz): δ (ppm) 6.20–6.19
(p; J = 1.07; 1.07; 1.07; 1.07 Hz; 1H), 5.63–5.61 (p; J = 1.57; 1.57; 1.57; 1.57 Hz; 1H), 5.14–5.10 (q; J = 7.07;
7.07; 7.03 Hz; 1H), 4.23–4.18 (q; J = 7.16; 7.16; 7.15 Hz; 2H), 1.97–1.96 (dd; J = 1.58; 1.01 Hz; 3H),
1.53–1.52 (d; J = 7.05 Hz; 3H), 1.28–1.26 (t; J = 7.15; 7.15 Hz; 3H). Figure S11: 1H NMR spectrum
of methacrylated methyl 3-hydroxybutyrate (M3HBMMA). 1H NMR (CDCl3, 500 MHz): δ (ppm)
6.07–6.06 (dq; J = 1.96; 1.02; 0.98; 0.98 Hz; 1H), 5.56–5.53 (p; J = 1.60; 1.60; 1.58; 1.58 Hz; 1H), 5.35–5.29
(dp; J = 7.32; 6.26; 6.26; 6.25; 6.25 Hz; 1H), 3.68 (s; 3H), 2.72–2.67 (dd; J = 15.34; 7.29 Hz; 1H), 2.57–2.53
(dd; J = 15.35; 5.79 Hz; 1H), 1.92 (dd; J = 1.63; 1.01 Hz; 3H), 1.35-1.34 (d; J = 6.36 Hz; 3H). Figure S12: 1H
NMR spectrum of methacrylated ethyl 3-hydroxybutyrate (E3HBMMA). 1H NMR (CDCl3, 500 MHz):
δ (ppm) 6.07–6.06 (dd; J = 1.75; 0.97 Hz; 1H), 5.54–5.53 (q; J = 1.63; 1.63; 1.63 Hz; 1H), 5.35–5.29
(dp; J = 7.50; 6.24; 6.24; 6.24; 6.24 Hz; 1H), 4.16–4.10 (qd; J = 7.11; 7.06; 7.06; 0.96 Hz; 2H), 2.69–2.65
(dd; J = 15.28; 7.42 Hz; 1H), 2.55–2.51 (dd; J = 15.29; 5.75 Hz; 1H), 1.94–1.91 (m; 3H), 1.34–1.33 (d;
J = 6.28 Hz; 3H), 1.25–1.22 (t; J = 7.13; 7.13 Hz; 3H). Figure S13: 13C NMR spectrum of methacrylated
methyl lactate (MeLaMMA). 13C NMR (CDCl3, 126 MHz): δ (ppm) 171.30; 166.68; 135.63; 126.44;
68.77; 52.27; 18.13; 16.96. Figure S14: 13C NMR spectrum of methacrylated ethyl lactate (EtLaMMA).
13C NMR (CDCl3, 126 MHz): δ (ppm) 170.86; 166.76; 135.74; 126.35; 68.93; 61.31; 18.18; 16.97; 14.11.

32



Polymers 2022, 14, 5236

Figure S15: 13C NMR spectrum of methacrylated methyl 3-hydroxybutyrate (M3HBMMA). 13C NMR
(CDCl3, 126 MHz): δ (ppm) 170.70; 166.59; 136.47; 125.41; 67.68; 51.73; 40.74; 19.89; 18.23. Figure
S16: 13C NMR spectrum of methacrylatedethyl 3-hydroxybutyrate (E3HBMMA). 13C NMR (CDCl3,
126 MHz): δ (ppm) 170.21; 166.54; 136.46; 125.33; 67.71; 60.57; 41.01; 19.85; 18.19; 14.14.
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Abstract: Kraft lignin, a side-stream from the pulp and paper industry, can be modified by laccases
for the synthesis of high added-value products. This work aims to study different laccase sources, in-
cluding a bacterial laccase from Streptomyces ipomoeae (SiLA) and a fungal laccase from Myceliophthora
thermophila (MtL), for kraft lignin polymerization. To study the influence of some variables in these
processes, a central composite design (CCD) with two continuous variables (enzyme concentration
and reaction time) and three levels for each variable was used. The prediction of the behavior of
the output variables (phenolic content and molecular weight of lignins) were modelled by means
of response surface methodology (RSM). Moreover, characterization of lignins was performed by
Fourier-transform infrared (FTIR) spectroscopy and different nuclear magnetic resonance (NMR)
spectroscopy techniques. In addition, antioxidant activity was also analyzed. Results showed that
lignin polymerization (referring to polymerization as lower phenolic content and higher molecular
weight) occurred by the action of both laccases. The enzyme concentration was the most influential
variable in the lignin polymerization reaction within the range studied for SiLA laccase, while the
most influential variable for MtL laccase was the reaction time. FTIR and NMR characterization
analysis corroborated lignin polymerization results obtained from the RSM.

Keywords: bacterial laccase; central composite design; characterization; eucalypt; fungal laccase;
kraft lignin; polymerization; response surface methodology

1. Introduction

After cellulose, lignin is the second most abundant biopolymer on the planet [1]. It
is synthetized from p-coumaryl alcohol (H), coniferyl alcohol (G), and sinapyl alcohol (S)
monomers by enzymatic polymerization, in which oxidoreductase enzymes such as laccases
and peroxidases are involved [2]. As a result, a heterogeneous complex tridimensional
macromolecule is formed, containing different types of both ether (e.g., β-O-4′, α-O-4′,
5-O-4′, etc.) and carbon–carbon bonds (e.g., β-β′, β-5′, β-1′, 5-5′, etc.), and a wide variety
of reactive groups depending on the biomass source. Accordingly, dicots (e.g., eucalypt,
birch, poplar) contain around 20–25% of lignin, which is mostly composed of G and S
units and traces of H units. On the other hand, gymnosperms (e.g., pine, spruce) with
approximately 20–35% of lignin, are mostly composed of G units and very low proportions
of H units. Finally, monocot grasses (e.g., flax, hemp, sisal) have lower lignin content
(9–20%) composed of G and S units, together with high levels of H units [3]. Moreover,
along with their source, the lignin isolation technology used strongly affects their features
and properties and, therefore, the valorization ways [4].
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Actually, the main source of lignin is the pulp and paper industry. Approximately
100 million tons per year of lignin were produced in 2015 with a value of roughly USD
732.7 million. Moreover, it is expected to increase to USD 913.1 million in 2025 [5]. Among
the different pulp and paper processes, the kraft process is the most extended pulping
technology, with an average lignin production estimated at 55–90 million tons per year [6].
Most of this kraft lignin is normally combusted, due to their high calorific value, to produce
energy that is partially used in the same pulp and paper mills. However, this process
generates an excess of energy, making the valorization of this waste lignin more interesting
as high-added-value chemicals and materials that guarantee the sustainability and compet-
itiveness of these mills [7]. In addition, kraft lignin valorization is also expected to benefit
the future circular bioeconomy, which aims to maximize the usage and value of all raw
materials, products, and wastes.

Although the inherent heterogeneity of kraft lignin (i.e., chemical composition, molecu-
lar structure, and molecular weight distribution) makes this waste material extraordinarily
interesting, these features may be an obstacle for certain applications. To overcome this fact,
the modification of the lignin structure is often a necessary step to produce the right lignin
for each possible application [8]. The oxidative enzymes, such as laccases and peroxidases,
involved in lignin biosynthesis in nature, can accomplish this modification [9]. Laccases (EC
1.10.3.2) are multicopper-containing oxidases with phenoloxidase activity, being widely
expressed in nature, mainly in plants, insects, fungi, and bacteria [10]. The biological
role of these enzymes is determined by their source and the phase of life of the organism
producing them. For instance, fungal laccases participate in stress defense, morphogenesis,
fungal plant–pathogen/host interactions, and lignin degradation, while bacterial laccases
are involved in pigmentation, morphogenesis, toxin oxidation, and protection against
oxidizing agents, and ultraviolet light [11]. These enzymes catalyze the oxidation of an
extensive variety of phenolic and non-phenolic molecules, using oxygen as the final electron
acceptor and releasing water as a by-product [11]. The catalytic site of laccases contains
four copper ions. On the one hand, type-T1 copper, responsible for the characteristic blue
color of the enzyme, is involved in the oxidation of the reducing substrate, acting as the
primary electron acceptor. On the other hand, type-T2 copper together with two type-T3
coppers form a tri-nuclear copper cluster where oxygen is reduced to water [12]. The
electrochemical potential of type-T1 copper is one of the most important properties of
laccases, fluctuating between 0.4 and 0.8 V. Bacterial and plant laccases have low redox
potential, whereas medium and high values are usually reported for fungal laccases [12].

The oxidative versatility, low catalytic requirements, and capacity of laccases to cat-
alyze degradation or polymerization reactions make these enzymes suitable for a wide
range of applications in different sectors, including lignocellulosic biorefinery, pulp and
paper industry, food and textile sectors, bioremediation, and biosensor applications, among
others [13]. More specifically, the enzymatic polymerization of lignin by laccases has been
applied in the synthesis of new lignin-based polymeric materials [14] in, for example, the
manufacture of green binders for fiberboard manufacturing [15], nanocomposite films
formed by coating lignin nanoparticles along the microfibrilled cellulose fiber network [16],
controlled-delivery fertilizer systems [17], and a pesticide release system [18]. In most
of the studies on the enzymatic polymerization of lignin, fungal laccases are commonly
used [15,17–23]. Only in recent years, bacterial laccases have also gained attention for this
purpose [16,24,25]. Hence, there is a necessity to explore the potential of novel laccases,
including bacterial enzymes, for kraft lignin polymerization.

This work aims to study the oxidative polymerization of Eucalyptus globulus kraft
lignin by using different laccase sources, such as a bacterial laccase isolated from Strepto-
myces ipomoeae (SiLA) and a commercial fungal laccase from the ascomycete Myceliophthora
thermophila (MtL). Laccase dosage and reaction time were the input variables evaluated at
three levels to study laccase polymerization reactions, using a central composite design
(CCD). The prediction of the behavior of the output variables (phenolic content and molec-
ular weight of the resulting laccase-treated lignins) was modelled by means of response
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surface methodology (RSM). Moreover, structural characterization of the resulting lignins
by Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR)
spectroscopy, as well as their antioxidant activity, were also evaluated.

2. Materials and Methods
2.1. Raw Material, Enzymes and Chemicals

Eucalypt (Eucalyptus globulus) residual lignin was isolated from kraft black liquor
provided by La Montañanesa pulp mill (Lecta, Zaragoza, Spain). Then, the lignin was
precipitated (pH of liquor lowered to 2.5 with concentrated sulfuric acid), centrifuged and
washed with acid water (pH 2.5), dried and finally homogenized.

A recombinant bacterial laccase (SiLA) from Streptomyces ipomoeae CECT 3341.16
used for this study was overproduced and purified according to Guijarro et al. [26]. A
commercial fungal laccase (MtL) from Myceliophtora thermophila (Novozym® 51003) was
also used, being kindly supplied by Novozymes (Bagsvaerd, Denmark). Enzyme activities
were determined by oxidation of 5 mM 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) to its cation radical (ε436 nm = 29,300 M−1 cm−1) in 0.1 mM sodium acetate
(pH 5) at 24 ◦C.

All the other reagents used were of analytical grade purchased either from Sigma–
Aldrich (Madrid, Spain) or Merck (Barcelona, Spain).

2.2. Kraft Lignin Enzymatic Polymerization

Lignin was solubilized in phosphate buffer at pH 7.0 and 8.0 (100 mM), according to
optimal pH for MtL and SiLA laccase activities, respectively [26,27], obtaining a solution of
1.5 g/L. The reactions took place at 60 ◦C and 45 ◦C, according also to optimal temperature
for MtL and SiLA laccases, respectively [26,27]. At the end of reactions, the pH was lowered
to 2.5 causing lignin precipitation. The reaction product was filtered and washed twice
with acidified water (pH 2.5) and oven-dried at 40 ◦C under vacuum.

To study and optimize the influence of some variables on lignin polymerization, a central
composite design (CCD) was used, considering two input variables (laccase dosage and
reaction time) at three levels (−1, 0, +1). The design consisted of thirteen runs (experiments)
from which five were center points and four were axial points (alpha = ±1.414). The values
of laccase dosages (minimum value, 40 IU/g of kraft lignin; maximum value, 160 IU/g of
kraft lignin) and reaction times (minimum value, 90 min; maximum value, 390 min) for the
CCD were established based on previous experiments (Table 1) [28,29].

Table 1. Experimental conditions of the central composite design for investigation of kraft lignin
polymerization by SiLA and MtL laccases considering two input variables (laccase dosage and
reaction time) at three levels (−1, 0, +1).

Coded Levels Experimental Values

Run Reaction Time Laccase Dosage Reaction Time (Min) Laccase Dosage (IU/g)

1 −1 −1 90.0 40.0
2 1 −1 390.0 40.0
3 −1 1 90.0 160.0
4 1 1 390.0 160.0
5 −1.414 0 27.87 100.0
6 1.414 0 452.13 100.0
7 0 −1.414 240.0 15.15
8 0 1.414 240.0 184.85
9 0 0 240.0 100.0
10 0 0 240.0 100.0
11 0 0 240.0 100.0
12 0 0 240.0 100.0
13 0 0 240.0 100.0
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The output variables considered in this study were: the total phenolic content and
the molecular weight of the resulting enzyme-treated lignins. Then, for each of the output
variables, the obtained data from the CCD were used to fit a quadratic regression equation
representing the influence of the two input variables. Each equation was plotted by means
of response surface methodology (RSM). The design of the experiments of the CCD, the
quadratic regression equations, and the plots obtained from modelling the equations by
RSM were obtained using Minitab 19.1 software (Minitab Ltd., Coventry, United Kingdom).

2.3. Enzyme-Treated Lignins Characterization
2.3.1. Total Phenolic Content

The total phenolic content of kraft lignins was determined following the Folin–Ciocalteu
method with some modifications, according to Jiménez-López et al. [30]. Firstly, kraft lignin
samples were dissolved in dimethylsulfoxide (DMSO). Then, 500 µL of Folin–Ciocalteau
reagent was added to 100 µL of the sample dilution, followed by the addition of 400 µL
of Na2CO3. The reaction mixture was incubated at 50 ◦C for 10 min, and absorbance at
760 nm were measured after cooling, using a UV–Vis spectrophotometer (Lambda 365,
PerkinElmer, Boston, MA, USA). The total phenolic content of samples was quantified
using a calibration curve prepared from a standard solution of gallic acid (1–200 mg/L)
and expressed as mg gallic acid equivalent (GAE)/g of lignin (on a dry basis).

2.3.2. Size Exclusion Chromatography (SEC)

SEC analysis (weight-average (Mw), number-average (Mn) molecular weights, and
polydispersity (Mw/Mn)) of kraft lignins was carried out in an Agilent Technologies 1260
HPLC. The samples were analyzed at 254 nm (G1315D DAD detector, Agilent, Waldbronn,
Germany) using two columns (Phenomenex) coupled in series (GPC P4000 and P5000, both
300 × 7.8 mm) and a safeguard column (35 × 7.8 mm). NaOH (0.05 M), pumped at a rate of
1 mL min−1, was employed as mobile phase at 25 ◦C for 30 min. Samples were dissolved at
a final concentration of 0.5 g/L in NaOH (0.05 M). Polystyrene sulfonated standard (peak
average molecular weights of 4210, 9740, 65,400, 470,000, PSS-Polymer Standards Service)
were used for the calibration curve [31].

2.3.3. Fourier-Transform Infrared (FTIR) and Ultraviolet–Visible (UV–Vis) Spectroscopy

FTIR spectra of kraft lignins were acquired by a JASCO FT/IR 460 Plus spectrometer
(Jasco, Japan), equipped with an accessory single-reflection diamond, working with a
resolution of 1 cm−1, 400 scans, and a spectral range of 600–2000 cm−1 [32].

UV–Vis analysis of kraft lignins, dissolved in 0.1 M NaOH to a final concentration of
50 µg mL−1, was carried out using a UV–Vis spectrophotometer (Lambda 365, PerkinElmer,
Boston, MA, USA), and the absorbances were measured between λ 200 and 800 nm.

2.3.4. Nuclear Magnetic Resonance Spectroscopy (NMR)

Solid-state 13C nuclear magnetic resonance (13C NMR) spectroscopy of kraft lignins
was performed at 25 ◦C in a Bruker Avance III 400 MHz (Bruker, Billerica, MA, USA) at
100.64 MHz with the cross polarization/magic angle spinning (CP/MAS) technique. Lignin
samples were prepared in 4 mm rotors and the spinning rate was 10 KHz. The contact time
was 2 ms and the delay between scans was 5 s. The number of scans was 10,240 [32].

13C–1H two-dimensional nuclear magnetic resonance (2D NMR) spectra of kraft
lignins were recorded at 25 ◦C in a Bruker AVANCE 500 MHz (Bruker, Billerica, MA,
USA) equipped with a z-gradient double resonance probe. Around 40 mg of each lignin
was dissolved in 0.75 mL of deuterated dimethylsulfoxide (DMSO-d6) and an HSQC
(heteronuclear single quantum correlation) experiment was recorded. The spectral widths
for the HSQC were 5000 Hz and 13,200 Hz for the 1H and 13C dimensions. The number of
collected complex points was 2048 for 1H-dimension with a recycle delay of 5 s. The number
of transients for the HSQC spectra was 64, and 256 time increments were always recorded
in 13C-dimension. The J-coupling evolution delay was set to 3.2 ms. Squared cosine-bell

38



Polymers 2023, 15, 513

apodization function was applied in both dimensions. Prior to Fourier transform the data
matrices were zero filled up to 1024 points in the 13C-dimension. Residual DMSO (from
DMSO-d6) was used as an internal reference (δC/δH 39.6/2.5 ppm) [32].

2.3.5. Antioxidant Activity of Kraft Enzyme-Treated Lignins

The antioxidant activity of kraft lignin samples was estimated following the ABTS+•

methods according to Re et al. [33] and Ratanasumarn et al. [34]. ABTS+• was produced by
the reaction between 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) diammonium
salt (ABTS) stock solution (7 mM) and potassium persulfate (2.45 mM). Prior to use, the
ABTS+• stock solution was diluted with ethanol to obtain an absorbance of 0.7 ± 0.02
at 734 nm. Then, 1 mL of the ABTS+• stock solution was mixed with 10 µL sample
(32 mg mL−1) or control and allowed to react for 6 min. The change in absorbance of the
reaction mixture was measured at 734 nm and the antioxidant activity was expressed as
trolox equivalent antioxidant capacity (TEAC). To calculate TEAC capacity, the gradient of
the plot of the percentage inhibition of absorbance vs. concentration for lignin samples was
divided by the gradient of the plot for trolox.

3. Results and Discussion

There is an increasing interest to evaluate the potential of novel laccases, including
those from bacterial origin, for residual lignin polymerization. Presently, the fungal M. ther-
mophila (MtL) laccase, with a high pH range and noticeable thermal stability, is widely
employed for lignin polymerization [15,20,21,35]. S. ipomoeae (SiLA) laccase, with simi-
lar properties to MtL laccase, has been also assessed for this purpose [36], although to a
lesser extent.

3.1. Effect of Laccase Dosage and Reaction Time on Total Phenolic Content

As it can be observed in Figure 1, both MtL and SiLA laccases showed the ability to
reduce the phenolic content of the treated kraft lignins obtained from all experiments of
the CCD. Nevertheless, the bacterial laccase achieved a higher reduction of total phenolic
content compared to the fungal laccase, in spite of the similar low redox potential showed
by both laccases (0.450 mV) [27,37].

The quadratic regression equation obtained from the phenolic content values (Figure 1a,b)
when using MtL laccase (Equation (1)) and SiLA laccase (Equation (2)) over kraft lignin, and
their regression coefficients are the following:

mg GAE/g lignin = 434.8 − 0.306 · Time (min) − 0.786 · Dosage (IU/g) − 0.000339 ·
Time (min) · Time (min) + 0.00089 · Dosage (IU/g) · Dosage (IU/g) + 0.002381 · Time (min)
· Dosage (IU/g)

R-squared = 91.24% (1)

mg GAE/g lignin = 222.5 + 0.1458 · Time (min) − 0.588 · Dosage (IU/g) − 0.000343
· Time (min) · Time (min) + 0.00157 · Dosage (UA/g) · Dosage (IU/g) − 0.000776 · Time
(min) · Dosage (IU/g)

R-squared = 92.93% (2)

Figure 2a,b show the response surface for lignin phenolic content as a function of
enzyme concentration and reaction time using MtL or SiLA laccases, respectively. As it
can be seen, the total phenolic content of lignin decreased with increasing reaction time in
the studied region when MtL laccase was used. The maximum phenolic content reduction
(53%) was obtained at 452 min using 100 IU/g of MtL laccase. In the case of SiLA laccase,
the most influential variable on the total phenolic content reduction was the laccase dosage,
observing a maximum decrease (77%) using 160 IU/g of SiLA laccase at 390 min.

As it is widely known, laccases can oxidize free phenolic lignin units, yielding
resonance-stabilized phenoxyl radicals via a single electron transfer process [38]. Thus,
the establishment of new linkages between the formed phenoxyl radicals leads to a lower
content of free phenols in lignin. Different studies have already described the ability of MtL
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laccase to reduce the phenolic content of both kraft lignin and lignosulfonates. Then, the
phenolic content was decreased by this fungal laccase by around 66% in the case of eucalypt
kraft lignin [15], whereas a reduction of 52% was described using lignosulfonates [35]. On
the other hand, the phenolic content reduction in lignin by bacterial laccases has been also
reported. In this regard, Mayr et al. [25] showed the ability of CotA laccase to decrease
the phenolic content between 30% and 65% in different kraft lignins of softwood and
hardwood origin, respectively. Similar results were described by Wang et al. [16] when a
commercial bacterial laccase (Metzyme®) was used to polymerize alkali lignins from birch
and spruce materials.
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Figure 1. Total phenolic content of the resulting treated lignins with MtL (a) and SiLA (b) laccases
expressed as mg GAE/g lignin (experiments resulting from CCD).

Contrary to this study, the effects of laccase dosage and reaction time on the phenolic
content of lignin are usually evaluated separately. Gillgren et al. [19] showed that longer
reaction time resulted in higher reductions of phenolic content of both organosolv lignin
and lignosulfonates when they were treated with a fungal laccase from Trametes (syn.
Coriolus polyporus). A similar trend was reported by Huber et al. [35], using a laccase from
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MtL to polymerize both eucalypt kraft lignin and lignosulfonates. Moreover, these authors
also observed a higher decrease in the phenolic content using higher MtL laccase dosages,
indicating that the amount of enzyme used, together with reaction time, are important
factors for the lignin polymerization process. Finally, Mayr et al. [25] also reported the
influence of reaction time on the phenolic content decrease when a bacterial CotA laccase
was used to polymerize different kraft lignins, observing a decrease in phenolic content by
extending the reaction time.

Polymers 2023, 15, x FOR PEER REVIEW 7 of 22 
 

 

Figures 2a and 2b show the response surface for lignin phenolic content as a function 

of enzyme concentration and reaction time using MtL or SiLA laccases, respectively. As it 

can be seen, the total phenolic content of lignin decreased with increasing reaction time in 

the studied region when MtL laccase was used. The maximum phenolic content reduction 

(53%) was obtained at 452 min using 100 IU/g of MtL laccase. In the case of SiLA laccase, 

the most influential variable on the total phenolic content reduction was the laccase dos-

age, observing a maximum decrease (77%) using 160 IU/g of SiLA laccase at 390 min. 

 

Figure 2. Response surface plot of total phenolic content expressed as mg GAE/g lignin to evaluate 

MtL (a) and SiLA (b) laccases dosage and reaction time. 

As it is widely known, laccases can oxidize free phenolic lignin units, yielding reso-

nance-stabilized phenoxyl radicals via a single electron transfer process [38]. Thus, the 

establishment of new linkages between the formed phenoxyl radicals leads to a lower 

content of free phenols in lignin. Different studies have already described the ability of 

MtL laccase to reduce the phenolic content of both kraft lignin and lignosulfonates. Then, 

the phenolic content was decreased by this fungal laccase by around 66% in the case of 

Figure 2. Response surface plot of total phenolic content expressed as mg GAE/g lignin to evaluate
MtL (a) and SiLA (b) laccases dosage and reaction time.

3.2. Effect of Laccase Dosage and Reaction Time on Molecular Weight

The molecular weight distributions of laccase-treated lignins are displayed in Figure S1.
From them, weight-average (Mw) and number-average (Mn) molecular weights, as well as
polydispersity (Mw/Mn) values were calculated (Table S1). In general, both MtL and SiLA
laccases produced an increment in the Mw values of the treated kraft lignins obtained from
all experiments (Figure 3a,b). Polydispersity values also showed higher values compared
to the untreated lignin (Table S1).
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Figure 3. Weight-average (Mw) molecular weight values (KDa) of the resulting treated lignins with
MtL (a) and SiLA (b) laccases (experiments resulting from CCD).

The quadratic regression equation obtained from the Mw values (Figure 3a,b) when
using MtL laccase (Equation (3)) and SiLA laccase (Equation (4)) over kraft lignin, and their
regression coefficients are the following:

Mw (Da) = 3371 + 14.40 · Time (min) + 30.7· Dosage (IU/g) − 0.0050 · Time (min)
· Time (min) − 0.0959 · Dosage (IU/g) · Dosage (UA/g) − 0.0223 · Time (min) · Dosage
(IU/g)

R-squared = 83.75% (3)
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Mw (Da) = 3936 + 7.42 · Time (min) + 25.46 · Dosage (IU/g) + 0.00040 · Time (min) ·
Time (min) + 0.1201· Dosage (IA/g) · Dosage (IU/g) − 0.0471 · Time (min) · Dosage (IU/g)

R-squared = 98.38% (4)

Figure 4a,b show the response surface for lignin Mw as a function of enzyme con-
centration and reaction time of MtL and SiLA laccases, respectively. As can be observed,
the molecular weight of the lignin increased by increasing the reaction time in the studied
interval when MtL laccase was used, in agreement with the observed reduction in phe-
nolic content (Section 3.1). The maximum molecular weight increment (3.0-fold, which
correspond to the value of Mw 10,865 Da) was obtained at 452 min using 100 IU/g of MtL
laccase. In the case of SiLA laccase, the most influential variable on the molecular weight
was the laccase dosage used, as also observed for the phenolic content of lignin (Section 3.1).
The maximum increment (3.5-fold, which corresponds to the value of Mw 12,545 Da) was
obtained using 184.85 IU/g of SiLA laccase at 240 min.

As previously commented, the stabilized phenoxyl radicals, generated from lignin
by laccase oxidation, undergo radical–radical coupling through phenyl ether–carbon and
carbon–carbon linkages, yielding the observed increase in Mw values of kraft lignin by
both laccases. Moreover, the polydispersity increase is also expected due to the non-
selective radical–radical coupling reactions, which link lignin end groups to each other
spontaneously with low or no control and, consequently leading to higher polydispersity
values [20]. MtL laccase has already shown its capability to increase the molecular weight
of both kraft lignin and lignosulfonates. Thus, Gouveia et al. [15] reported a strong in-
crease (17.0-fold) in the average molecular weight of laccase-treated eucalypt kraft lignin
(80,000 Da) compared to the untreated lignin sample (4700 Da). Huber et al. [35] also
described a 12.0-fold increase in Mw (22,400 Da) for enzymatic polymerization of lignosul-
fonates (1900 Da for untreated lignin), and only a 1.4-fold increase (2300 Da) when kraft
lignin (1600 Da for untreated lignin) was used. On the other hand, the molecular weight
increase by bacterial laccases has been also described. Thus, Wang et al. [16] reported a
2.9-fold increase (from 17,750 Da for untreated lignin to 52,000 Da for laccase treated lignin)
when a Metzyme® laccase was used to polymerize alkali spruce lignin. Mayr et al. [25]
achieved 6.0-fold increases in molecular weight for softwood (from 21,600 Da for untreated
lignin to 130,000 Da for laccase-treated lignin) and 19.2-fold for hardwood kraft lignins
(from 3150 Da for untreated lignin to 60,000 Da for laccase-treated lignin) when they were
treated with a CotA laccase.

Similarly to phenolic content, the effects of laccase dosage and reaction time on the
molecular weight of lignin are generally studied separately, reporting different results in
function of both laccase and lignin sources. Gouveia et al. [21] observed that the major
changes in molecular weight of kraft lignin treated with the fungal MtL laccase occurred
during the first 2 h, although longer reaction time resulted in higher Mw values of the
resulting treated lignins. These authors also showed a molecular weight increase as the
enzyme dosage was augmented. In this regard, Areskogh et al. [39] determined that no
significant increments in the molecular weight of lignosulfonates were observed at low
MtL enzyme dosage, while the molecular weight increased by augmenting the enzyme
concentration. Huber et al. [35] also demonstrated that the amount of biocatalyst used
strongly influences the polymerization process. When 50 mg of MtL laccase was used, 4.0-
fold and 1.7-fold molecular weight increments were determined for lignosulfonates and
kraft lignin, respectively. However, when the MtL laccase was augmented to 100 mg, a
12.0-fold increase in the molecular weight was measured for enzymatic polymerization of
lignosulfonates, and only a 1.4-fold increase was seen for kraft lignin. Finally, Mayr et al. [25]
also achieved higher increases in the molecular weight of softwood and hardwood kraft
lignins at longer reaction times using a bacterial CotA laccase.
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Figure 4. Response surface plot of weight-average (Mw) molecular weight values (KDa) to evaluate
MtL (a) and SiLA (b) laccases dosage and reaction time.

While the significant phenolic content of kraft lignin can translate into good reac-
tivity for producing phenol-formaldehyde resins, epoxy resins, polyester systems, and
polyurethanes, among others, the molecular weight increase of kraft lignin by laccase
enzymes enables new applications as lignin-based dispersants providing better adsorption
properties, stabilizer for emulsions, and in thermoplastic blends or copolymers enhancing
thermal and mechanical performance [32].

3.3. Antioxidant Activity

The antioxidant ability of lignins (i.e., their capacity to act as radical scavengers)
promotes their use as natural additives in food, cosmetics, pharmaceuticals, and polymeric
formulations as an alternative to synthetic compounds such as butylated hydroxyanisole
(BHA) and butylated hydroxytoluene (BHT), among others [40]. It is widely known that
having a high phenolic content, low molecular weight, and narrow distribution seem
to be favorable for the antioxidant capacity of lignin [40]. Nevertheless, in spite of the
phenolic content decrease and molecular weight increase observed herein for the treated
kraft lignins by both laccases, they still showed some antioxidant capacity, expressed as
TEAC, (0.02–0.18) compared to the untreated sample (0.2) (Figure 5a,b for MtL and SilA
laccases, respectively).
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3.4. FTIR Characterization

FTIR spectra of untreated and laccase-treated kraft lignins (MtL-KL and SiLA-KL
resulting from experiments with maximum decrease in phenolic content and increase in
molecular weight achieved) are displayed in Figure 6. The observed bands were assigned
in comparison with others previously reported in the literature [41,42] and are displayed
in Table S2. FTIR spectrum of kraft lignin showed the characteristic bands of lignin,
which include those observed at 1610, 1515 and 1415 cm−1 associated with aromatic ring
vibrations, and at 1455 cm−1 attributed to C−H asymmetric vibrations and deformations
(Figure 6a). Bands attributed to syringyl (S) and guaiacyl (G) units were also identified,
including those at 1315 cm−1 (S and G units), a shoulder at 1270 cm−1 (G units), 1220 cm−1

(G units), 1115 cm−1 (S units), 1025 cm−1 (G units) and 820 cm−1 (S units).
The major change in the FTIR spectra of MtL-KL and SiLA-KL samples compared to

untreated kraft lignin spectra was observed at the bands corresponding to the C=O stretching
for conjugated (1650 cm−1) and unconjugated (1715 cm−1) linkages (Figure 6b,c), as a conse-
quence of the lignin oxidation caused by both laccases, being more noticeable in the case of
the bacterial laccase. This effect was supported by UV–Vis, observing a decrease in the two
absorption maxima at λ 230–240 and 280 nm, attributed to non-conjugated phenolic groups,
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in both MtL-KL and SiLA-KL samples due to lignin oxidation (Figure S2). Comparable results
have been previously described by Gouveia et al. [15,21], when a laccase from M. thermophila
was used for eucalypt kraft lignin polymerization, and Gillgren et al. [19], when a laccase
from the white-fungus C. polyporus was employed to polymerize organosolv lignin and ligno-
sulfonates. Moreover, both MtL-KL and SiLA-KL samples kept their characteristic triplet at
1610, 1515 and 1415 cm−1, which is indicative of no modification of lignin aromatic backbone,
as previously observed by Areskogh et al. [43] during polymerization of lignosulfonates by
M. thermophila laccase.
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3.5. NMR Characterization

The HSQC spectra of untreated and laccase-treated kraft lignins (MtL-KL and SiLA-
KL resulting from experiments with maximum decrease in phenolic content and increase in
molecular weight achieved) are shown. They included the whole spectra (δC/δH 0.0–150.0/0.0–
9.0) in Supplementary Figure S3, and the spectra corresponding to the oxygenated aliphatic
(δC/δH 45.0–95.0/2.5–6.0 ppm) and the aromatic (δC/δH 90.0–150.0/5.0–9.0 ppm) regions in
Figures 7 and 8, respectively. The main 13C–1H lignin correlation signals identified in HSQC
spectra are displayed in Table S3, endorsed according to those described by the literature [42,44–
47]. The lignin substructures identified are depicted in Figures S4 and S5.

The oxygenated aliphatic region of the kraft lignin spectrum exhibited information
about the different interunit linkages present (Figure 7a), including those from native
and kraft-derived linkages. Despite the well-known lignin degradation under alkaline
conditions during kraft pulping [48], several remaining signals from native β-O-4′ and
β-β′ resinol substructures were observed, as well as correlation signals for spirodienones
and cinnamyl alcohol end-groups. Signals from kraft-derived lignin linkages could also
be recognized. Among them, signals from epiresinols and diaresinol, both diastereomers
from the transformation of the native resinol substructure during kraft pulping [47,49].
An aryl-glycerol substructure could also be hesitantly identified, produced from the non-
phenolic β-aryl ether linkage under alkaline conditions during kraft pulping [50]. Finally, a
correlation signal of lignin terminal structures with a carboxyl group in Cα (Ar–CHOH–
COOH; Fα), overlapping with aryl-glycerol, could also be found.
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Figure 7. HSQC 2D-NMR spectra, δC/δH 45.0–95.0/2.5–6.0 ppm aliphatic oxygenated region, of
the untreated lignin (a) and of the resulting treated lignins with MtL (b) and SiLA (c) laccases.
Correspondences between lignin structures and assigned letters in the figure: A, β-O-4′ alkyl-aryl
ether; AG, aryl-glycerol; B, resinols; B′, epiresinols; B”, diaresinol; C, α-5′; E, spirodienones; F,
Ar–CHOH–COOH; I, cinnamyl alcohol end-groups; X, xylopyranose (R, OH).
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Figure 8. HSQC 2D-NMR spectra, δC/δH 90.0–150.0/5.0–9.0 ppm aromatic region, of the untreated
lignin (a) and of the resulting treated lignins with MtL (b) and SiLA (c) laccases. Correspondences
between lignin structures and assigned letters in the figure: G, guaiacyl unit; G′, vanillin; G”,
acetovanillona; H, p-hydroxyphenyl unit; S, syringyl unit; S′, syringaldehyde (R=H) or acetosyringone
(R=CH3); S1–1 ′ , 3,5-tetramethoxy-para-diphenol; G1–1 ′ , 3-dimethoxy-para-diphenol; S1-G1 ′/G5 ′ ; SB1,
stilbene-β-1′; SB5, stilbene-β-5′.
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The aromatic region of kraft lignin spectra displayed the typical correlation signals
of S, G, and H lignin units (Figure 8a), the usual pattern of hardwood lignins [51]. More-
over, a group of signals from lignin oxidation, such as oxidized S units, corresponding
to syringaldehyde or acetosyringone, and oxidized G units, attributed to vanillin and
acetovanillone, could also be detected. Signals from kraft-derived lignin linkages were
also found in the aromatic region. Among them, correlation signals endorsed to β1 and
β5 stilbene, derived from degradation of spirodienone and β-5′ phenylcoumaran during
kraft pulping, respectively, were identified [46,47]. Finally, correlation signals from S1-1′

(3,5-tetramethoxy-para-diphenol), G1-1′ (3-dimethoxy-para-diphenol) and S1-G1′/G5′ were
tentatively identified as a result of Cα-C1 breakdown in a retro-aldol reaction, followed by
a radical coupling reaction, during kraft pulping [32,45,46].

Significant changes in the oxygenated aliphatic region of MtL-KL and SiLA-KL spectra
(Figure 7b,c for MtL-KL and SiLA-KL samples, respectively), compared to the kraft lignin
spectrum (Figure 7a), were found. In general, a complete disappearance of signals assigned
to native and kraft-derived linkages was observed for both MtL-KL and SiLA-KL lignin
samples, probably due to the cleavage of interunit linkages by treatment with both laccases.
Nevertheless, some signals from β-O-4′ and diaresinol were still found. In this sense,
Prasetyo et al. [23] reported a decrease in the intensity signals of β-O-4′ linkages when lig-
nosulfonates were treated with Trametes villosa and Trametes hirsuta laccases. Wang et al. [16]
also described a cleaved of β-aryl ether and β-β′ resinol substructures during the treat-
ment of alkali lignins with a commercial (MetZyme®) bacterial laccase. In addition to
the cleavage of interunit linkages, a new signal could also be observed in the aliphatic
oxygenated region of both MtL-KL and SiLA-KL spectra, which was tentatively attributed
to α-5′ condensed structures. The appearance of this structure is probably due to lignin
condensation/polymerization reactions by laccases action. In this sense, Wang et al. [16]
already described the formation of this condensed structure during the treatment of alkali
lignins with the MetZyme bacterial laccase.

MtL-KL and SiLA-KL spectra also showed a near complete disappearance of the
aromatic 13C–1H correlation signals (Figure 8b,c) compared to the kraft lignin spectrum
(Figure 8a). Nevertheless, some intensity of signals corresponding to G and H units as well
as to lignin oxidation, such as oxidized S and G units, could still be found. This important
loss of aromatic correlation signals observed in the HSQC spectra after the enzymatic
treatment with both laccases could indicate a significant modification of the lignin aromatic
backbone. However, when laccase-treated lignins were analyzed by 1D-NMR, it could
be inferred that the loss of aromatic correlation signals observed by 2D-NMR was due
to deprotonation of the lignin benzene rings, as revealed by the 1H NMR MtL-KL and
SiLA-KL spectra (Figure S6). Meanwhile strong signals of aromatic carbons could be seen
in the 13C-NMR MtL-KL and SiLA-KL spectra (Figure S7), proving that benzene rings were
not degraded by laccase treatment, as previously seen by FTIR analysis (Section 3.4). The
decrease or complete disappearance of aromatic proton signals was not entirely unexpected,
as it has been previously described in lignosulfonates by the action of T. villosa and T. hirsuta
laccases [23], in eucalypt kraft lignin treated with M. thermophila laccase [15], in alkali
lignins by the action of MetZyme bacterial laccase [16], and in organosolv lignin and
lignosulfonates treated with C. polyporus laccase [19]. All these authors have related this
effect with the formation of condensed structures such as 5-5′ or 4-O-5′.

13C-NMR of laccase treated lignins (Figure S7b,c) also showed a remarkable increase
in the signal at δC 176 ppm (carbonyl groups), especially in the SiLA lignin sample as previ-
ously described by FTIR analysis (Section 3.4), resulting from lignin oxidation caused by
laccases action. A significant decrease in the signals at δc 147 ppm, corresponding to C3 and
C5 of phenolic S units and C3 and C5 in phenolic G units, and at δc 134 ppm, endorsed to C1
and C4 in phenolic S units and C1 in phenolic G units, was also observed, resulting from the
phenolic lignin units’ oxidation by laccase treatment, which supports the phenolic content
decrease observed in Section 3.1. At a time, an increase in the shoulders at δc 152 ppm and
at δc 130 ppm, from non-phenolic lignin units were also visible. Santos et al. [52] assigned
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the signal at δc 152 ppm to C3 in new 5-5′ or C3 (and C4/C5) in new 4-O-5′ structures
formed during laccase (T. villosa) treatment of lignosulfonates, whereas Magina et al. [53]
endorsed the signal at δc 130 ppm to C5 in 5-5′ structure during MtL laccase treatment of
lignosulfonates.

Then, these observations arising from NMR analysis suggest lignin condensation/
polymerization reactions by laccases action, supporting the molecular weight increment
observed by SEC (Section 3.2). The phenoxy radicals formed by the action of the laccase
enzymes on the phenolic units present in the initial kraft lignin together with those derived
from the cleavage of interunit linkages underwent radical–radical coupling through phenyl
ether–carbon and carbon–carbon links resulting in new condensed structures such as α-5′,
5-5′, and 4-O-5′ (Figure 9).
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Figure 9. Schematic representation of oxidative lignin polymerization catalyzed by laccase. Radical
coupling leads to formation of new condensed structures such as 4-O-5′ (a), 5-5′ (b), and α-5′ (c).
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4. Conclusions

In order to produce the most appropriate lignin for each possible application, struc-
tural modification of this molecule is needed. A possible way to achieve this goal is by
using laccase enzymes, which is considered a sustainable and environmentally friendly
approach. Concerning this, this study confirmed the ability of a bacterial laccase from
S. ipomoeae (SiLA) and a commercial fungal laccase from M. thermophila (MtL) to polymerize
kraft lignin (referring to polymerization as lower phenolic content and higher molecular
weight). Specifically, the enzyme dosage was the most influential variable in the kraft
lignin polymerization reaction, within the range studied, when the bacterial SiLA laccase
was used, while for MtL fungal laccase the most influential variable was the reaction time.
FTIR and NMR characterization spectra verified lignin polymerization, observing new
condensed structures such as α-5′, 5-5′, and 4-O-5′.
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200–800 nm, of the untreated lignin (a) and of the resulting treated lignins with MtL (b) and SiLA (c)
laccases. Figure S3. HSQC 2D-NMR whole spectra, δC/δH 45.0–95.0/2.5–6.0 ppm, of the untreated
lignin (a) and of the resulting treated lignins with MtL (b) and SiLA (c) laccases. Figure S4. Main
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kraft lignin and of the resulting treated lignins with MtL and SiLA laccases. Figure S5. Main lignin
substructures identified in aromatic region of the untreated kraft lignin and of the resulting treated
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13C NMR spectra, δC 0.0–200.0 ppm, of the untreated kraft lignin (a) and of the resulting treated
lignins with MtL (b) and SiLA (c) laccases. Table S1. Weight-average (Mw) and number-average (Mn)
molecular weights and polidispersity (Mw/Mn) of the untreated kraft lignin and of the resulting
treated lignins with MtL and SilA laccases. Mw and Mn are given in Da. Table S2. Main assignments
of untreated and laccase-treated kraft lignins FTIR bands. Table S3. Assignment of main lignin
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Abstract: The growing perspective of running out of crude oil followed by increasing prices for all
crude oil-based materials, e.g., crude oil-based polymers, which have a huge number of practical
applications but are usually neither biodegradable nor environmentally friendly, has resulted in
searching for their substitutes—namely, bio-based polymers. Currently, both these types of polymers
are used in practice worldwide. Owing to the advantages and disadvantages occurring among
plastics with different origin, in this current review data on selected popular crude oil-based and
bio-based polymers has been collected in order to compare their practical applications resulting from
their composition, chemical structure, and related physical and chemical properties. The main goal
is to compare polymers in pairs, which have the same or similar practical applications, regardless
of different origin and composition. It has been proven that many crude oil-based polymers can be
effectively replaced by bio-based polymers without significant loss of properties that ensure practical
applications. Additionally, biopolymers have higher potential than crude oil-based polymers in many
modern applications. It is concluded that the future of polymers will belong to bio-based rather than
crude oil-based polymers.

Keywords: crude oil-based; bio-based polymers; chemical structure; properties; application

1. Introduction

The increasing demand for crude oil-based materials has contributed to the depletion
of natural reserves of petroleum. It is estimated that a serious shortage in crude oil and
significant increase in its costs will be noticed as early as 2040 [1], and petroleum supplies
will have been consumed until the end of this century. As much as 11–12% of crude oil
is used in the production of polymers [2,3]. Fossil fuel-based polymeric materials show a
variety of desirable physical properties such as durability, light weight, and resistance to
corrosion and chemical reagents. For this reason the spectrum of the applications of crude
oil-based polymers is extremely wide, from packaging [4] to constructional materials [5] and
medical equipment [6]. Unfortunately, the properties that make fossil-based polymers so
attractive trigger enormous environmental problems, since the vast majority of petroleum-
based polymers do not decompose and continue to remain almost untouched for centuries.
Environmental issues along with the upcoming deficiency in crude oil supplies have
gained a great concern among the polymer industry and researchers who try to find
new alternatives to crude oil-based polymers. Polymers from renewable resources have
recently attracted the attention of global scientists as a future perspective in replacing crude
oil-based polymers or reducing their usage.
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Bio-based polymers are polymers derived (at least in part) from renewable raw mate-
rials such as plant and animal biomass, and organic waste. This group of materials can be
biodegradable (such as polylactic acid—PLA) or nondegradable (such as biopolyethylene—Bio-
PE). However, bio-based polymers are considered environmentally responsible, since they
do not depend on finite fossil fuel reserves and can be obtained with a lower carbon foot-
print than their crude oil counterparts. Renewable raw materials such as starch, vegetable
oils, and proteins are nearly inexhaustible natural resources, the supply of which can be
restored in a short period of time. Renewables are inexpensive and readily available, ensur-
ing sustainable carbon transfer from biomass and similar materials to bio-based polymers
or intermediates used in their production.

Natural bio-based polymers of industrial application can be directly extracted from
biomass. Such polymers are produced in large quantities by plants (e.g., cellulose, hemi-
cellulose, starch, inulin, and pectin) or by animals (e.g., chitin and chitosan), and they
often need to undergo special modification to meet requirements for their use [7]. Molecu-
lar biology and genetic engineering can be successfully incorporated into the process of
creating agricultural crops of desirable properties or facilitating the procedure for subse-
quent recovery of biopolymers. Bio-based polymers can also be synthesized de novo by
various bacterial strains (e.g., Pseudomonas putida, Aeromonas hydrophila, Bacillus subtilis)
during fermentation processes using low molecular weight metabolism products. Another
group of bio-based polymers includes synthetic polymers from bio-derived monomers (e.g.,
PLA and other polyesters). Several prominent building blocks such as succinic, itaconic,
muconic, and lactic acids can be effectively produced from biomass [8].

The physicochemical properties of bio-based polymers are often similar to crude
oil-based polymers, which makes them a potential substitute for their crude oil-based
counterparts. Moreover, bio-based polymers can exhibit a wide range of new features,
which can enable novel applications in many technological fields. Not only should bio-
based production be cost-effective but also more sustainable in comparison to crude oil-
based production.

The paper discusses the possibility of replacing selected popular crude oil-based poly-
mers such as polyethylene, low density polyethylene, polystyrene, polyethylene terephtha-
late, and polyvinyl chloride with bio-based polymers made from renewable resources such
as polylactic acid (PLA), derived from an animal origin, such as chitosan, and received on
biotechnological pathways such as polyhydroxybutyrate (PHB) and pullulan. The choice
of the petroleum-based polymers was dictated by their versatile application in a multitude
of industries, whereas PLA and PHB are the major industry players that are bringing
bio-based polymeric materials to the market, and polysaccharides such as pullulan and
chitosan are fully appreciated by researchers and industrialists worldwide for their high
biocompatibility and biodegradability. The properties and practical applications of both
groups of polymers have been collected in order to compare them and indicate the possible
future perspectives for bio-based polymers.

2. Polyethylene vs. Polyhydroxybutyrate

Shopping bags, including those from supermarkets, plastic packaging, various lids,
industrial foils, milk containers, and others, including thin-wall containers, wire insulators,
pipes, injection, and blow molding, are all made from different types of chemically the
same material—polyethylene (PE). In addition to the products listed that are in common
use, clearly visible in modern world, PE has many other important, yet not so commonly
known applications, e.g., parts of various machines used in the food and paper industry,
veterinary and medicine tools and materials, and in the construction industry [9]. Although
there are currently many voices pointing out PE disadvantages, above all its inability to be
naturally degradable and having a share in the dramatic increase in the volume of litter,
one must admit that PE is a companion in everyday life [10].

The history of PE can be considered serendipitous both in terms of laboratory discovery
and industrial synthesis. It goes back to 1898 when Hans von Pechmann accidentally
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obtained a white waxy substance by heating diazomethane. Later on in 1900, a similarly
obtained waxy substance was proved to contain a long carbon chain and was given the
name “polymethylene” by Eugen Bamberger and Friedrich Tschirner. In both cases, the
waxy substance was polyethylene. Laboratory discovery was followed by industrial
synthesis of PE at the works of Imperial Chemical Industries (ICI), Northwich, the UK, in
1933. The very first patent referring to production of PE from ethylene was granted on
6 September 1937. Between first information in 1898 and the patent in 1937, several reactions
were tested to produce the waxy substance first obtained by Pechmann. Numerous chemical
pathways to obtain PE were worked out, which included several reactions, e.g., reaction of
decamethylene dibromide with sodium in a Wurtz-type reaction done by Carothers and Van
Natta in 1930 [11], hydrogenation of polybutadiene, modified Fischer–Tropsch reduction
of carbon monoxide with hydrogen, or reduction of poly(vinyl chloride) with lithium
aluminum hydride. Every pathway has advantages and disadvantages, e.g., inability to
obtain a polymer with molecular mass greater than 1300 with use of Wurtz-type reaction
or formation of branched-only or unbranched-only products. Currently, ethylene and
other materials generated from crude oil are primary source materials to produce PE
commercially [12–14].

The monomer of PE, ethylene, is chemically unsaturated and contains a double bond,
while PE is saturated containing only single bonds between carbon atoms (Figure 1). Carbon
chains can be straight or branched. In general, if the chains are straight, the basic form
of PE is considered, while branched chains are associated with low-density PE (LDPE).
Both forms are produced in polymerization reactions taking place under high pressure and
temperature. Ethylene is heated and pressed to break double bonds and form long chains.
Pressure is applied to make less space for ethylene molecules that are in gaseous form.
Although no equilibrium is considered in the polymerization reaction, the Le Chatelier
principle can be used to explain favoring of the forward direction: solid state products
(right-hand side of reaction) occupy much less space than gaseous substrates (left-hand
side of reaction) [12,15].
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Figure 1. The fragment of polyethylene structure.

The production process starts with preparation of ethylene with appropriate properties.
The monomer is sourced by dehydration of ethyl alcohol fermented from molasses. Another
source for ethylene is a selected fraction of crude oil fractional distillation. Before starting
the polymerization process, all undesired contaminants such as carbon monoxide, oxygen,
water, and acetylene must be removed. The use of inadequately prepared reactant yields
product of undesired properties, especially in terms of insulation or heat resistance [10,12].

The polymerization route requires applying high pressure of 100–300 MPa and tem-
perature of 350–600 K. This is the most common process, known as high-pressure poly-
merization. There are also other well-known technological methods of PE production,
e.g., Standard Oil Company Indiana process, high-density PE (HDPE) Phillips or Ziegler
process, and metallocene catalyzed process. Application of different conditions, namely
pressure, temperature, or catalyst, leads to production of PE, LDPE, or HDPE [10,12,16].

Currently PE is divided into classes that consider chemical structure and resultant
properties [10,12]. Structural classes are:

• Linear PE—with a macromolecule made of many monomer units arranged in a straight
line;

• Cross-linked PE (PEX)—where macromolecule has covalent bonds between the poly-
mer molecules.

PE can also be classified according to material density. The following classes are
described:
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• Low density PE (LDPE);
• Linear low density PE (LLDPE);
• Middle density PE (MDPE);
• High density PE (HDPE);
• Ultra-high molecular weight PE (UHMWPE).

In summary, PE with a general molecular formula of –[C2H4]n–, a degree of polymer-
ization of 1500–9000, and a melting point at 395–400 K [15] has very useful and desirable
mechanical and chemical properties, including being soft, transparent, tasteless and odor-
less, but not resistant to high temperature. The main advantage of all PE types is low price,
as costs of production are low. PE from each class has different properties; hence, it is
used in different areas of human life, for example, LLDPE has the highest impact strength,
tensile strength, and extensibility of all PE classes [15,17–19].

Without specific treatment, decomposition of PE takes hundreds of years, hence
many scientific and industrial interdisciplinary teams work on methods to increase its
decomposition rate or reuse [20–23]. Promising investigations cover the use of bacteria,
yeasts, and enzymes present in microorganisms to recover material that can be used for the
next synthesis of plastic exhibiting the quality equal to the one obtained in petrochemical
processes. Investigated microorganisms can also be used for remediation of plastic waste
present in soil and landfills [24–26]. However, there is no similar research on PE/LDPE
biomedical wastes.

Polyhydroxybutyrate—PHB—was discovered in 1925 by Maurice Lemoigne [27,28].
Chemically, it is polyester. There are several slightly different forms of this polymer,
namely poly-4-hydroxybutyrate (P4HP), polyhydroxyvalerate (PHV), polyhydroxyhex-
anoate (PHH), and the most common poly-3-hydroxybutyrate (P3HB).

With the molecular formula [OCH(CH3)CH2CO]n (Figure 2), PHB has similar me-
chanical properties to PE, while its greatest advantage over PE is biodegradability [29].
However, the biggest disadvantage is its high cost of production, and currently there is
intensive research focused on decreasing these costs [24,30–32].
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PHB that belongs to a polyhydroxyalkanoate (PHA) family is a semicrystalline ther-
moplastic polyester. Its glass transition temperature is 278–282 K; the melting point is
440–450 K. PHB has a very low Young’s modulus (3–3.5 GPa) compared to other biodegrad-
able biopolymers. Its decomposition lasts up to several years [15,33]. PHB is used as a
component in medical implants, surgical sutures, and elements of artificial tissues [34,35].

PHB can be obtained from its monomer—butyric acid—by microorganisms on bio-
logical pathways [29]. Production of PHB is more expensive than any other PE. Therefore,
sources of cheap organic matter are required. One way is food-originated residuals that
undergo fermentation to form volatile fatty acids, which are in turn converted by specific
bacteria, e.g., Cupriavidus necator to form PHB. Another method of PHB production is the
use of the strain R. piridinivorans BSRT1-1. This strain is isolated from soil, and it has been
stated that fructose and KNO3 are the best sources of carbon and nitrogen for bacteria
to produce PHB. Under optimal conditions, 3.60 g of PHB can be formed from 1 dm3 of
biomass. Details are provided in [36]. Bacillus cereus SH-02 (OM992297) is also considered
to be a good producer of PHB [37].

Both PE/LDPE and PHB are widely used in medicine and the veterinary and agri-
cultural industries. Although both are polymers, their physical, chemical, and biolog-
ical properties, together with their formation and methods of utilization, differ signifi-
cantly. Both plastics are commonly used in production of medicinal and veterinary mate-
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rials [12,29,38,39]. Materials and products obtained from both polymers can be in direct
touch with human organs. They can be used for production of bone tunnels [40], surgical
threads [41], containers, foils, slices, packaging [42], and antibacterial foils [43]. Owing
to relatively low costs, PE single-use products are manufactured and applied [21]. Or-
thopedics is a rapidly developing area for the use of polymers, including PE and PHB
applications. In the most common surgery worldwide, i.e., total knee arthroplasty (TKA),
endoprostheses used are made of PE. A specific type of PE used for this type of endopros-
theses provides physiological kinematics of the knee joint [44,45]. Additional advantage is
low specific weight, mechanical resistance, and transparency to X-rays [46].

A characteristic and practical important feature of this biopolymer is its significantly
high biodegradability and biocompatibility. As biopolymers generally, PHB can be rel-
atively easily decomposed by enzymes produced by living species. In the biological
environment, biodegradation can occur by oxidation, including photo-oxidation or hydrol-
ysis [47]. PHB can be easily decomposed inside human tissues by enzymatic or hydrolytic
decomposition, with pH kept at a constant level [48,49]. Products formed are easy me-
tabolized by human or animal organisms [50]. This ability to be degradable, especially in
the human body, allows use of PHB as a composite for implants. Additionally, PHB can
promote cell growth in a near-natural biological environment [28,49,51,52].

3. Polystyrene vs. Polylactide

Polystyrene (PS) is a thermoplastic polymer (Figure 3) made of aromatic hydrocarbon
monomer styrene that is derived from fossil-fuels [53].
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The synthesis of PS is based on the free radical polymerization of styrene using free-
radical initiators. It is mostly used in solid (high impact and general purpose PS), foam and
expanded PS forms. The main advantages of PS are low-cost, easy processing ability, and
resistance to ethylene oxide, as well as radiation sterilization. It is, however, not resistant
to organic solvents such as cyclic ethers, ketones, acids, and bases. The most popular
general purpose PS (GPPS or unmodified PS) is transparent, brittle, and rigid, which makes
this kind of material suitable for laboratory purposes, such as diagnostic and analytical,
and medical packaging (e.g., Petri dishes, tissue culture trays, pipettes, test tubes). For
high-strength products, high-impact PS (HIPS) is competitive with polypropylene and
PVC [54]. It is typically used in thermoformed products, such as catheters, heart pumps,
and epidural trays, and toys, packaging, and electronic appliances. Owing to its high
dimensional stability and easy processing, it is often chosen for the preproduction proto-
types in 3D-printing technique [55]. As a result of strong C-C and C-H bonds present in
the structure, PS is resistant to biodegradation without special treatment such as copoly-
merization and fictionalization. However, it was proved that some bacterial species are
able to form biofilm on the PS surface, which leads to its partial degradation [56]. PS can
be recycled using several methods. Mechanical recycling is the one with lowest cost, but
it has many limitations. The main obstacle is efficient separation of PS from the plastic
waste stream. Currently, PS is sorted using near-infrared technologies and complementary
sorting methods, including density, electrostatics, selective dissolution, and flotation [57].
The latter—froth flotation—is the most common due to its low cost and the possibility to
separate polymers with similar density. To increase the flotation effectiveness, surface mod-
ification can be performed, e.g., in the presence of KMnO4 [58] or K2FeO4 [59]. Recycled
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PS exhibits worse mechanical properties than neat polymer, and reduction in molecular
mass is also observed. Nevertheless, many products made of recycled PS can be found
on the market, e.g., pencils, doors, window frames, cups, plates, and bottles; some of
them even approved for food contact [60]. Chemical recycling of PS is less common due
to the high cost. It leads to the production of styrene, and other useful chemicals such
as benzene, toluene, indan, ethylbenzene, and benzoic acid, via pyrolysis and oxidation.
Recently, a novel simple and low-cost method has been reported that enables the oxidative
cleavage of PS to benzoic acid, formic acid, and acetophenone by singlet oxygen at ambient
temperature and pressure [61]. PS waste can also be converted to biodegradable PHAs [62].
To summarize, PS is one of the most important polymers present in our daily life. However,
once it has fulfilled its designed purpose, it is not easily degradable. Chemical recycling
is not economically convenient since the feedstocks are cheaper than the process itself;
additionally, mechanical recycling is limited due to the low separation efficiency of PS from
the plastic waste stream. That is why there is an urgent need to find sustainable alternatives
that can at least partially replace petroleum-based PS in use. The most popular green sub-
stitutes for PS are cellulose and thermoplastic starch used as thermal insulation materials
(foams) [63,64], and poly(vinyl alcohol) for bead-foaming process [65] and polylactide [66].

Polylactide (PLA)—biodegradable and compostable aliphatic polyester (Figure 4)—is
one of the key biopolymers with the largest market significance. The global volume of PLA
production was around 457,000 metric tons in 2021, which accounted for 29% of the total
biodegradable bioplastics production worldwide [67]. The PLA production on industrial
scale is either based on the ring-opening polymerization (ROP) of lactide, (method applied
by NatureWorks LLC, Plymouth, MN, United States, and Corbion N.V., Amsterdam, the
Netherlands) or direct polycondensation of lactic acid in an azeotropic solution (applied by
Mitsui Toatsu Chemicals, Inc., Tokyo, Japan) [68]. In both cases, high molecular mass PLA
is obtained; however, solvent-free ROP is preferable for production in large scale. In this
case, optically pure L-lactic or D-lactic acid is produced as a monomer of PLA by microbial
fermentation from renewable resources such as molasses, whey, sugar cane, and plants with
high starch content [69]. Next, LA is condensed to form low molecular mass prepolymer
PLA, which undergoes a controlled depolymerization to a cyclic dimer of lactate–lactide.
The polymerization of lactide is generally catalyzed by tin octanoate and requires short
reaction time at a temperature of about 440–460 K [70].
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The mechanical properties of PLA are similar to those of PS and polyethylene tereph-
thalate (PET) [71], also described in detail in Section 4 of this paper. It can also be a
sustainable alternative to polypropylene (PP) and PVC. PLA is as rigid and brittle as PS,
and its resistance to fats and oils resembles PET [71]. Although CO2, O2, N2, and H2O
permeabilities for PLA are higher than for PET, but lower than for PS [72], therefore many
attempts to improve the PLA barrier properties have been reported, e.g., by introducing
nanofillers with a lamellar structure [73]. In addition, it is characterized by a high tensile
modulus and resistance to UV radiation. Good mechanical and optical properties allow
PLA to compete with the existing crude oil-based thermoplastics. PLA containing approx.
5% of D-repeating units is a transparent, colorless, and relatively rigid material resembling
PS [74]. An extra advantage of PLA is its easy processing ability through conventional melt
processes such as extrusion, injection molding, compression molding, or blow molding,
which are also used for other commercial polymers, namely PS and PET [75].
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The properties of PLA depend on the polymer molecular mass and the degree of
crystallinity [76]. Stereochemistry also plays an important role. The stereochemical compo-
sition and distribution of monomer units along the polyester chain affect the properties of
PLA [74]. L-PLA (PLLA) and D-PLA (PDLA) are composed of lactic acid units of the same
chirality [77]. They are isotactic, stereoregular, and partially crystalline polymers (degree of
crystallinity up to 60%), the glass-transition temperature (Tg) is approx. 320–330 K, and
the melting point is 440–470 K [29,74,78]. On the other hand, D,L-PLA is an amorphous
polymer with a Tg of about 330 K. It shows worse mechanical properties and degrades
faster than PLLA and PDLA. The highest melting point, about 500 K, shows a racemic
mixture of PLLA and PDLA, in which chains of different chirality form a densely packed
network. Compared to the parent polymers, the resulting racemic PLA (PDLLA) has
enhanced functional properties, such as mechanical strength, durability, and thermal and
hydrolytic stability [79].

Desirable properties allow PLA to compete with PS in several application fields,
described below.

3.1. Packaging Application

Low toxicity, strong flavor and aroma barrier, and high transparency make PLA an
ideal material for fresh food packaging, especially fruit and vegetables [80]. Auras et al. [81]
tested and compared oriented PLA (OPLA) with PET and oriented PS (OPS) films intended
for production of fresh fruit and vegetables storage containers. According to these results,
mechanical, physical, and barrier properties of OPLA were comparable and, in some cases,
better than standard OPS and PET containers. Similar studies were performed for the shelf
life of blackberries [82] and blueberries [83] under retail conditions closed in the OPS and
OPLA containers. In both cases the shelf life was extended, proving that PLA can be a good
replacement for PS. PLA can be used also as trays for storage of mangoes, melons, and
other tropical fruit. The shelf life of the fruit packed in such a way was the same as of the
fruit packed in PET trays [84]. However, the PLA packaging is more susceptible to cracking
and breaking during transport when compared with OPS or PET. Neither the sheet nor the
finished product can be stored at temperatures above 313 K or relative humidity greater
than 50% [85].

3.2. Three-Dimensional Printing

The filaments used in 3D printing are primarily thermoplastics. The most popular are
PLA, acrylonitrile butadiene styrene (ABS) and HIPS [86]. In all three cases, filament can
also be produced from recycled plastic, which can significantly reduce its price. It is worth
mentioning that commercial filaments for 3D printing are 20 to 200 times more expensive
than those of raw plastics [87]. The source for PLA waste is food containers and bottles,
ABS filaments originating from car dashboards, and HIPS derived from refrigerators
or automotive parts [88]. The advantages of PLA as filament for 3D printing are ease
of printing, glossiness, and multicolor appearance. The dimensional accuracy of the
parts printed from PLA is high since it poses less warp behavior than the other filaments.
Compared to HIPS, PLA filament does not require a heated bed, it is odorless, and what
is more important, it releases many fewer volatile organic compounds and exhibits lower
particle emission during printing [89]. PLA prints have wider application than HIPS due to
biocompatibility and susceptibility to biodegradation, which are important in biomedical
application and tissue engineering [90]. Moreover, the price of 1 kg of PLA filament is
comparable to that for HIPS. This is why PLA can be a good alternative to HIPS in rapid
manufacturing of packaging prototypes using 3D printing technology [91].

3.3. Medical Application/Drug Delivery

Medical plastic has to be biocompatible, stable under different sterilization conditions,
and robust to surface modification. While PLA fulfils all these requirements, PS is not
applicable because of the cancerogenic properties of styrene and its very moderate biocom-
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patibility [54]. However, there are several studies on improving the biocompatibility of PS,
e.g., by nonequilibrium gaseous plasma treatment [92]. Both polymers can be sterilized
by ethylene oxide, gamma radiation, and electron-beam radiation, however, due to the
presence of a benzene ring in its structure, PS is more resistant to high radiation doses than
PLA. PLA exhibits strong resistance to sterilization processes with use of an autoclave or
dry heat [93]; standard PS is not autoclavable, but syndiotactic PS is excellent [94]. The
main application of PS in the laboratory field is the production of different containers for a
variety of liquids, cells, and bacteria, together with microspheres used as drug carriers and
magnetic particles. The biocompatibility of PLA makes this material an excellent applica-
tion as scaffolds for bone regeneration, implants, stents, along with bioresorbable surgical
and orthopedic threads and dental implants. Owing to the good mechanical properties of
PLA, it can be used in catheters, heart pumps, and epidural trays to replace PS [54]. PLA
and PS are also used as a surface for adhesion and proliferation of fibroblast and osteoblast
cell lines [95].

PLA is a promising bioplastic with mechanical properties comparable to those of
PS. In addition to its established position as a material for biomedical applications, it
can replace mass production plastics from petroleum. However, there are still challenges
that need to be addressed, e.g., improvement of barrier properties, which play a very
important role in maintaining food quality and safety [96]. Moreover, the cost of PLA
manufacturing is still too high to compete with PS. That is why there is a need to find
low-cost substrates and high-performance microorganisms to increase the efficiency of
LA production and obtain low-cost, high-quality PLA. Another concern is the recycling
of PLA. PLA can be easily degraded in the natural environment or in compost; however,
the idea of introducing a large amount of waste for biodegradation is unreasonable and its
transformation into chemical products more valuable than simply carbon dioxide and water
should be considered. Currently, several attempts of PLA recycling have been made but an
industrially feasible chemical recycling concept, in adherence to the fundamental principles
of closed-loop recycling within a Circular Economy, has not yet been developed [97]. Other
than PLA, products made from PS can be recycled, but the high cost of the recycling process
and the segregation problem make the technology inefficient. Moreover, the production
of biopolymers is considered more sustainable than petroleum-based materials due to the
reduced net carbon footprint [98].

4. Polyethylene Terephthalate vs. Chitosan

The abbreviation “PET” is well-known to all consumers worldwide and stands for a
petroleum-based synthetic polymer of terephthalic acid and ethylene glycol, i.e., polyethy-
lene terephthalate (Figure 5). The history of this polymer production dates back to the
1940s when Whinfield and Dickson [99] patented terephthalic esters in the form of linear
polymers. The second most important patent relating to the described plastic is the inven-
tion of Wyeth and Roseveare [100], i.e., a plastic soda bottle. In recent years, the global
production of this plastic exceeded 30 million metric tons and a 4% market growth rate is
expected in the coming years [101].
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The technology of PET production has been developed over the years, and now the
substrates for the synthesis of this polymer, i.e., terephthalic acid or dimethyl terephthalate
and ethylene glycol, are obtained from fossil-based resources. Consequently, the first two
compounds are produced from p-xylene and the diol is made through the oxidation of
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ethene. One of the major industrial-scale synthesis methods of polyalkylene terephthalates
is the so-called melt polycondensation, including a two-step process in the presence of
catalysts for (trans)esterification of substrates in an inert atmosphere at 460–500 K, and
subsequently, polycondensation of the intermediates at reduced pressure and increased
temperature (520–550 K) until obtaining enough viscous mixture resulting in the end
product [102].

The technology affects the appearance and the final form of PET, wherein the amor-
phous state the polymer is transparent, while in the semicrystalline state PET appears
opaque [103]. According to the ASTM (American Society for Testing and Materials) Inter-
national Resin Identification Coding System the number 1 was assigned to PET, meaning
low production costs together with high recycling possibilities [104,105]. PET materials are
characterized by high strength, rigidity, and hardness. High thermal stability is observed,
which is connected to the presence of para-substituted aromatic rings in the polymer struc-
ture. Such polyesters have a melting point above 520 K, and even a theoretical value of
565 K was calculated for PET if an accurate process of annealing would be used [103].
Moreover, both the Tg and density are strictly dependent on the final form of the poly-
mer; hence, Tg for the amorphous state is 340 K and for the semicrystalline PET is about
350 K [104]. Amorphous PET has a density of 1.30–1.34 g/cm3 and semicrystalline PET
is about 1.50 g/cm3. Crystalline PET is much denser than the amorphous form because
polymer chains of the former are closely packed and parallel, while they are disordered in
the latter [106]. Interestingly, exceeding the Tg point, thus the temperature above 340–350 K,
may lead to the decreased resistance of PET to hydrolysis [107].

Polyethylene terephthalate has found its application in single-use food packaging,
mainly for beverage bottles, but another major market is the textile industry and the
production of clothes, shoes, and carpet fibers [101,108]. Features such as transparency,
lightness, strength, and durability made PET bottles favored over those made of glass, and
the results of the Coca-Cola Company life-cycle assessment study in 1969 revealed that
bottles obtained from PET affected the environment less than their glass analogues [104].
The possibility of using PET in packaging material for food or pharmaceuticals results
from low permeability for gases and solvents, together with low moisture absorption [109].
Chemical stability of polymers is also extremely important. PET’s stability is observed
in weak acids and is also inert to several organic solvents from the alcohol, halogen, and
ketone groups [104,105]. Strong acids, bases, hydrocarbons, and aromatic compounds
are examples of chemicals that influence the stability of PET, and moreover, according to
Lepoittevin and Roger [103], PET may be soluble in a mixture of phenol and trichloroethane,
and in trifluoroacetic acid, o-chlorophenol, or hexafluoroisopropanol.

It is estimated that the degradation of plastic bottles lasts around 450 years, and 8%
of solid waste weight is contributed to PET [110]. Owing to the fact that almost 60% of
PET is discarded into landfills, solutions are being sought to reuse this plastic. Approaches
such as bottle reuse systems, bans on plastic bags, and the introduction of taxes and de-
posit systems have been successfully applied in many geographical regions, e.g., Europe,
America, and South Asia [111]. Currently PET waste is subjected to recycling processes
using both mechanical and chemical methods. Reactive extrusion is often used because
of its simplicity and the multiple extrusions carried out at 540–550 K lead to a decrease in
molecular mass of the polymer [110]. Among chemical recycling methods, the following
reactions are distinguished: hydrolysis at higher temperature and pressure, methanolysis,
glycolysis, aminolysis, and ammonolysis, which lead to the depolymerization of PET. Prod-
ucts obtained from chemical depolymerization found their application in various industries,
e.g., as cement replacement, corrosion inhibitors, paints, etc. [112]. Unfortunately, chemical
recycling of polymers seems to be unprofitable because the polymerization of fossil-based
substrates is much cheaper than reprocessing of polyesters [108].

PET is considered resistant to hydrolysis and enzymatic treatment, but the current
prospects for its biodegradation are very promising. Numerous studies have shown the use-
fulness of bacteria of the genera Ideonella, Bacillus, and Streptomyces, along with the enzymes
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produced from the esterase and cutinase group, the so-called PETases [101,104,108]. The
discovery of such microorganisms with their ability to produce PET hydrolyzing enzymes,
and their possible application in polymer biodegradation may be an innovative approach
in waste management in line with the circular economy system, which meets the goals of
sustainable development [108].

Currently, new packaging materials, mainly those which are bio-based and biodegrad-
able, are gaining interest among the consumers and food manufacturers. An interesting
example of such a polymer is chitosan (Figure 6).
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Chitosan is a biopolymer obtained after chitin deacetylation, the discovery of which
is attributed to the French physiologist Charles Rouget, who in 1859 heated chitin (a
glycan consisting of N-acetyl-D-glucosamine molecules) in an alkaline solution. From the
chemical point of view, this polysaccharide is a linear polymer consisting of D-glucosamine
units linked with β 1–4 glycosidic bonds. The process of removing acetyl groups is not
often entirely performed; therefore there are several chitosan preparations available on
the market with different degrees of deacetylation [113,114]. Interestingly, the industrial
production of chitosan started in Japan in 1971 [115].

It is believed that chitin, along with cellulose, is one of the most common biopolymers
found worldwide. The main sources of chitin and chitosan are crustaceans (shrimps and
prawns, krills, or crabs), and insects, together with microorganisms, mainly fungi, algae,
and some yeasts [113,116]. Shells and other inedible parts, i.e., crustacean waste, are a good
source for these polysaccharides, especially since their contents in this arthropod taxon
reach up to 20% dry weight and seafood consumption will grow increasingly [113,117]. In
the last few years, several biotechnology companies, such as the Mycodev Group (Freder-
icton, NB, Canada), Chibio Biotech Co., Ltd. (Qingdao City, Shandong Province, China),
and KitoZyme (Herstal, Belgium), have launched and have been producing the so-called
“vegetal chitosan” or “mycochitosan”, a fully nonanimal source for this polymer obtained
through the fermentation process with the use of filamentous fungi; hence, these prepara-
tions may be an alternative for people with shellfish allergies and for vegetarians [113].

The properties of chitosan and PET differ, especially in terms of strength and hardness.
Therefore, these polymers cannot be replaced one-to-one, but other attributes of the former
allow the use of plastics to be limited, as mentioned below. One of the main advantages of
this polysaccharide is that it can be consumed as opposed to petroleum-based synthetic
polymers. Chitosan has been considered as material for food packaging, but also as a
dietary supplement, biofertilizer, and biopesticide. Moreover, hydrogels and wound-
healing bandages based on chitosan are currently obtainable on the market [117]. This
polymer could be used for bodyweight reduction, but there are some concerns that it may
interact with fat-soluble vitamins. The lowest observed adverse effect level (LOAEL) for
chitosan is relatively high and it accounts for 450 mg/kg for men and 6000 mg/kg for
women [117]. In the case of oral median lethal dose (LD50) in mice, it was revealed that the
value was higher than that of sucrose and it exceeded 16 g/day/kg body mass [114].

Furthermore, its potential widespread application comes from both biological and
physical properties, such as antimicrobial activity, biodegradability, and film-forming
ability. Chitosan is not soluble in water and organic solvents but dissolves in dilute acetic or
hydrochloric acids. Chitosan-based edible coatings and films are able to extend the shelf life
of food products, prolong their quality, improve nutritional and antioxidant properties, and
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prevent the growth of food-spoilage microorganisms. In order to improve some features
of such films, various additives are added, such as plasticizers in the form of polyols (e.g.,
glycerol) and emulsifiers. Chitosan can also be blended with other biopolymers, such as
alginate, pectin, starch, or caseinate, or enriched with different valuable compounds (e.g.,
polyphenol extracts) to enhance its applicability [118].

Among various polymers, chitosan is distinguished by its antimicrobial activity. Inter-
estingly, two different mechanisms may be responsible for this activity, but in each case the
chemical structure is the clue. The first mechanism is associated with chitosan binding to
DNA molecules causing bacterial cell death. In the second one, chitosan and more specifi-
cally the amino groups in the chain of this polysaccharide in the acidic medium generate
a cationic charge that binds to negatively charged bacterial cell walls and membranes,
resulting in permeability disturbances and cell leakage. In addition, by lowering the pH
value, the improvement in the antibacterial activity is observed due to the increase in the
protonation of the amino groups [119].

Chitosan shows remarkable potential for biomedical applications. Apart from already-
mentioned bioactive dressings for healing wounds and burns, this polysaccharide can be
used in preparing drug delivery systems of different forms (tablets, gels, granules, films,
or microcapsules) or can serve as an artificial kidney membrane impermeable for serum
proteins, and potential material for contact lenses, specifically due to its good tolerance
by living tissues [116]. Over the past few decades, scientists were also interested in the
use of chitosan in tissue engineering and regenerative medicine. Both PET and expanded
polytetrafluoroethylene (ePTFE) are usually standard materials for prosthetic vascular
grafts, but the need for small-diameter (<4 mm) application becomes problematic with
the use of these two synthetic polymers [120]. Chupa et al. [121] indicated the meaningful
potential of chitosan and its complexes with glycosaminoglycans or dextran sulfate in the
preparation of newly bioactive materials that exhibited activity both in vitro and in vivo
and modulated the activity of smooth muscle and vascular endothelial cells.

Pure chitosan films are not thermoplastic and thus cannot be softened by heating,
thus their extrusion, molding, or heat-sealing is limited [122]. Some properties of chitosan-
based films, e.g., water vapor and oxygen permeabilities, are thus important parameters
influencing the applicability of the coating or film for food packaging (since the moisture
and oxygen levels can lead to lowering the quality of food), can change depending on
the addition of some materials incorporated into chitosan films, as well as the charac-
teristics of chitosan, i.e., the degree of deacetylation and the methodology of coatings
and films manufacturing. Wang et al. [118] reported that the use of organic compounds
such as polyphenols in chitosan films led to a decrease in water vapor permeability due
to the interactions between compounds and limiting interactions with water molecules.
Moreover, the use of nanoparticles led to similar observations because good dispersion
in the film and filling the spaces resulted in hindered migration of water. Furthermore, it
is believed that the tightly packed structure of chitosan with plenty of hydrogen bonds
may have limited oxygen permeability, and the incorporation of chitosan-based films with
graphene oxide nanosheets or silver nanoparticles caused a significant reduction in oxygen
permeability [119].

In the near future, chitosan-based packaging may find its niche in producing active
and intelligent packaging. The first type, in addition to the features typically assigned
to packaging, is characterized by carrying additional properties maintaining the quality
and increasing the safety of the products, which in the case of chitosan relates to its
antimicrobial and antioxidant activities [119]. The term “intelligent” in the case of the latter
refers to the possibility of using packaging for real-time food quality monitoring. This
approach arouses the interest of scientists, thereupon extensive research is undertaken,
but also industry attention is attracted. Recently colorimetric and pH-indicating films are
under special examination, where both their manufacturing and specific properties on the
selected food products are assessed. Methylene blue is an example of a dye applied in
chitosan-based films, whereby its color depends on oxygen concentration in the atmosphere
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surrounding the product and decreasing oxygen content may indicate microbiological
contamination [118]. As pH-indicating compounds, both synthetic and natural substances
are used in chitosan films. The studies on the use of alizarin, along with anthocyanins
from purple potato or grapes were conducted and confirmed the applicability of these
compounds to monitor changes in food, where pH alternations may suggest that the
product is stale or contaminated [118,119].

Concluding, it cannot be clearly stated which polymer is better, PET or chitosan.
Similarly it cannot be confirmed with certainty that the latter, i.e., a polymer of natural
origin, will replace PET because they differ significantly in their properties. PET is primar-
ily a packaging material used in the beverage industry with high hardness and rigidity.
Inversely, chitosan is used to create coatings and films, and the possibility of producing
edible packaging is an additional advantage. Finally, the prospect of producing active
and intelligent packaging based on chitosan, which will be also edible, biodegradable,
and compostable, points in favor of its use. Therefore, the production of chitosan-based
packaging will be a limitation in the use of PET, replacing it in selected applications, rather
than a complete replacement.

5. Polyvinyl Chloride vs. Pullulan

Polyvinyl chloride—PVC—is a long-chain thermoplastic polymer produced by a free-
radical polymerization of vinyl chloride monomer. Industrial synthesis of PVC is dated to
the early 1930s, and recent estimates account production volume as third among plastics
after polypropylene and polyethylene, and up to 25% of total plastic production [21]. The
basic raw materials for the PVC synthesis come from crude oil and sodium chloride and
hence only 43% of this polymer mass is petroleum-based [123]. The chemical formula of
PVC is (C2H3Cl)n, and the chemical structure is a long chain with the repeating unit of
vinyl chloride, as shown in Figure 7.
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As a thermoplastic material with excellent chemical and mechanical properties, PVC
has widespread uses. These properties together with low production cost affect the eco-
nomic significance of PVC worldwide. The most important properties are polymer dura-
bility, high chemical resistance, resistance to water and weather conditions, and adhesive-
ness [124,125]. Moreover, because of its high polarity, it has the ability to accommodate a
wide range of additives such as stabilizers, plasticizers, lubricants, or pigments [126]. The
addition of different chemicals to PVC resins modifies its properties and may change the
possible way of use. The unplasticized PVC is hard and rigid and can be used in plumb-
ing, construction, fencing, or drainage systems, whereas plasticizers incorporated into the
polymer make it softer and more flexible, thus useful in electrical cable insulation, medical
devices, or inflatable toys [127]. These hard and soft variants of PVC compounds differ
considerably in terms of the Tg and flexibility at specific temperatures [128]. Additionally,
high transparency of this polymer is useful in film production or light-transmitting panels.
It is a lightweight material, with high strength-to-weight ratio, which imparts no taint
or taste. Notwithstanding, almost 70% of PVC compounds is used in the construction
industry [129], next in medicine (flexible blood containers or inhalation masks) [130,131],
and the packaging industry (wrap films with good oxygen barrier properties) [132].

Despite the outstanding position of PVC mainly among medical polymers, it is con-
sidered to be harmful to both human and environment because of various chemicals and
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dangerous degradation products released during its life cycle [123]. Its complex composi-
tion together with low thermal stability makes this polymer difficult to recycle, but there
are available techniques for the management of PVC waste, both mechanical [133] and
feedstock [134].

Pullulan is an extra-cellular, unbranched, water soluble, neutral, nonionic, nontoxic,
nonmutagenic, noncarcinogenic exopolisaccharide. This biopolymer is obtained from
fermentation medium of the fungus-like yeast Aureobasidium pullulans, generally referred
to as “black yeast”. The final yield of pullulan is highly affected by media composition and
culture conditions [135,136]. The large scale production started in 1976 by Hayashibara
Co., Ltd. (Okayama, Japan), which is still the leading commercial producer worldwide
together with Shandong Jinmei Biotechnology Co., Ltd. (Zhucheng, China). Pullulan is
generally marketed as white or off-white dry powder or capsules [137]. The chemical
formula of pullulan has been suggested to be (C6H10O5)n, and its chemical structure
consists of repeating units of maltotriose linked with each other by the α 1–6 glycosidic
bonds [138–140]. Pullulan structure is often seen as an intermediate between amylose and
dextran structures. The chemical structure is shown in Figure 8.
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The peculiar structure of pullulan (mainly the α 1–6 linkages) affects strongly its high
solubility in both cold and hot water, and its lack of ability to form gels. It is responsible for
the high structural flexibility, but is also reflected in the lack of crystalline regions within
the polymer, which has a completely amorphous organization [141]. Pullulan compounds
have a high heat resistance and are biodegradable in biologically active environments,
therefore it can be utilized in many different ways. It has a significant mechanical strength,
adhesiveness, thick film, and fiber formability, stability of aqueous solution over a broad
range of pH, low viscosity, and good oxygen- and moisture-barrier properties [136,142];
it also inhibits fungal growth in food [143]. Pullulan can be formed into compression
moldings that can resemble PS and PVC in transparency, gloss, hardness, and strength, but
which are far more elastic [135]. Additionally, the capacity to form thin layers, nanoparticles,
flexible coatings, and standalone films means it can successfully replace other synthetic
polymers derived from petroleum, such as polyvinyl alcohol [138].

This polysaccharide is also colorless, tasteless, odorless, and, what is more important,
edible, however, not attacked by the digestive enzymes in human gut [136,142]. It has a
“generally recognized as safe” status in the United States [144] and in the European Union
is a food additive of microbial origin E1204 [145].

As a nonpolluting “plastic”, the biodegradable and biocompatible biopolymer pullulan
could be used in different sectors, especially pharmaceutical (hard and soft capsules, drug
delivery systems, anticancer nanoparticles) [146,147], biomedical (wound healing) [137],
environmental, food, and cosmetics (body and skin application) [148]. However, despite all
the pullulan advantages, its high cost is the limiting factor for wide scale applications.

The most emerging area of interest in pullulan application is still the food packag-
ing sector. Because of the nonbiodegradable character of synthetic polymers and their
great impact on the environment, research remain focused on developing ecofriendly and
biodegradable food packaging systems obtained from natural sources. Such applications
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are edible coatings and active films, which are known to protect food, extend the shelf life
of the product, and improve its quality. A thin layer of pullulan is formed directly on the
surface of a product and can be safely eaten with a protected food. Pullulan was used as
an edible coating on, e.g., highbush blueberries [149], Fuji apples [150], and white aspara-
gus [151]. Moreover, pullulan is also an excellent medium for different compounds, which
play an important role in prolonging shelf life: chitosan [152], thymol [153], pectin [154], or
propolis [142].

6. Summary

The most important properties of the polymers discussed earlier in this paper have
been collected and are presented below (Table 1).

Table 1. Selected properties of all the polymers discussed in this paper.

Property
Pairs of Polymers (Fossil–Bio)

PE–PHB PS–PLA PET–Chitosan PVC–Pullulan

Density (kg/m3) 950 c 1262 d 1111–1127 d 1248–1290 d 1300–1500 c 1000 e 1330–1380 c 1500 ± 100 e

Young’s
Modulus (GPa) 0.7 c 3–3.5 a 3.4 c 3.0 f 1.7 d 0.63 g 3.4 c N/A *

Tensile Strength
(MPa) 30–40 a 20–40 a 34.5–68.9 b 50–70 f 62 a 9.7 g 48 c 40.2 e

Elongation
at Break

(%)
200–700 a 5–10 a 1–2.3 b 4.0 f 30–80 b 2.6 g 85–104 d N/A *

Flexural Strength
(MPa) 40 d 33–40 d 68.9–103 b 100 f 96.5–124.1 b N/A * 72 d N/A *

Izod Notched
Impact Strength

(J/m)
60–80 d 35–50 d 21 b 26 b 59 b N/A * 21–53 d N/A *

Degree
of Crystallinity

(%)
25–80 a 50–60 a N/A * 3.5–14 a 7.97 a 57 h 11–15 d N/A *

Melting
Temp.

(K)
390–410 a 440–450 a 513 d 440–470 a 530 a 360 e 485–583 d 193 e

Glass Transition
Temp. (K) 140–370 a 278–282 a 373 d 320–330 a 340–354 a N/A * 353–370 d N/A *

a [29], b [53], c [155], d [156], e [157], f [158], g [159], h [160], * N/A—not available.

The total replacement of crude oil-based polymers with bio-based polymers is not yet
possible, mainly because of functional properties of synthetic polymers, namely durability,
mechanical, and water vapor barrier. Therefore, to partially eliminate synthetic polymers
from packaging systems and to reduce environmental impact, biopolymers combined
with crude oil-based polymers are of interest. Chemical modification helps in combining
specific characteristics of different polymers, resulting in a unique and suitable material
with interesting properties [161].

7. Conclusions

Bio-based polymers can replace crude oil-based polymers in a variety of applications
from everyday products to medical materials or advanced technology. Yet a noticeable
difference in the physicochemical parameters between both groups of polymers prevents
the petroleum-based synthetic polymers from being substituted directly by their bio-based
counterparts. Nevertheless, the replacement of crude oil-based polymers by bio-based
polymers in only selected applications would considerably diminish the net carbon foot-
print and create sustainable solutions in polymeric materials management. Many bio-based
polymers such as PHB and PLA, which are commonly adapted in the production of bio-
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compatible devices extensively used in surgery, drug delivery, and cardiovascular systems,
or dentistry, can successfully compete with their hydrocarbon polymeric analogues, namely
PE and PS. PLA meets all the requirements to be a perfect biomaterial, whereas PS, which
may be contaminated with residual styrene, might be considered cancerogenic. Similarly,
PVC, used primarily in the construction, medical, and packaging industry, is regarded as
toxic to humans and the environment due to harmful compounds released during its life
cycle.

The food packaging sector, which is dominated by PET, a polymer resistant to biodegra-
dation, is currently searching for a bio-based and biodegradable replacement. Chitosan,
one of the most widespread biopolymers found in nature, can at least in part rival PET
and contribute to a considerable reduction in plastics. This polysaccharide, which has a
film-forming ability, is edible and can be consumed together with the food product; addi-
tionally, its antimicrobial and antioxidant properties can increase the safety and stability
of the protected foodstuff. Edible coatings formed by pullulan are reported to prolong
the shelf-life of numerous fruit and vegetables; these properties can be enhanced by the
addition of other bioactive molecules. All of these ecofriendly and innovative advantages
may constitute a springboard for creating active and intelligent packaging in the future.
However, PET is still the best option for the beverage industry, which needs hard and rigid
polymeric materials for packaging.

The implementation of bio-based polymers in many industrial sectors is currently
limited mainly due to the high costs of their production. The manufacturing of crude
oil-based polymers remains still more cost-effective, although such polymers are resistant
to biodegradation, and their recycling is as yet uneconomical.

A significant challenge for the future is to synthesize novel, sustainable bio-based
polymers with such functionalities that could enable the substitution of their conventional
analogues. Biotechnology is a strategic factor, which can notably contribute to the transition
from fossil-derived plastics to bioplastics acquired from renewable resources. Technological
advancements and new biotechnological findings may allow for better development of
bio-based materials and reduce production expenditures.
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Abstract: Lignin and cellulose derivatives have vast potential to be applied in polymer materials. The
preparation of cellulose and lignin derivatives through esterification modification is an important
method to endow cellulose and lignin with good reactivity, processability and functionality. In this
study, ethyl cellulose and lignin are modified via esterification to prepare olefin−functionalized
ethyl cellulose and lignin, which are further used to prepare cellulose and lignin cross−linker
polymers via thiol–ene click chemistry. The results show that the olefin group concentration in
olefin−functionalized ethyl cellulose and lignin reached 2.8096 mmol/g and 3.7000 mmol/g. The
tensile stress at break of the cellulose cross−linked polymers reached 23.59 MPa. The gradual
enhancement in mechanical properties is positively correlated with the olefin group concentration.
The existence of ester groups in the cross−linked polymers and degradation products makes them
more thermally stable. In addition, the microstructure and pyrolysis gas composition are also
investigated in this paper. This research is of vast significance to the chemical modification and
practical application of lignin and cellulose.

Keywords: lignin; ethyl cellulose; cross−linked polymer; thiol–ene click chemistry

1. Introduction

With the increasing depletion of fossil resources and the increasing environmen-
tal problems of “white pollution” and “microplastics” caused by the extensive use of
non−degradable petroleum−based polymers, the use of bio−based raw materials, instead
of petroleum−based compound raw materials, to prepare polymer materials has attracted
widespread attention [1]. Cellulose has become an ideal raw material for bio−based
polymer materials due to its rich sources, low price, excellent biodegradability, easy modifi-
cation and many other advantages. Cellulose and its derivatives have been widely used in
the fiber, paper, film, plastics, coatings and other industrial fields [2–4]. However, due to
the existence of a large number of hydrogen bonds within and between the molecules of
natural cellulose, the complexity of cellulose aggregation structure and high crystallinity,
cellulose is insoluble in water and general organic solvents, in addition to not being able of
being melted or processed as traditional plastics, which severely limits the application of
cellulose materials. The chemical modification of cellulose includes oxidation, esterification,
etherification and other grafting methods [5–7]. At present, the esterification derivatives
of cellulose include cellulose acetate, cellulose propionate, cellulose butyrate and various
cellulose−mixed esters, which are widely used in plastics, coatings, separation membranes,
cigarette filters and other daily necessities [8–10].

Lignin is a rich natural resource. Compared with other biomass products, lignin has a
relatively complex structure and contains a variety of functional groups [11]. It has broad
research prospects for the development of appropriate methods for separating and extract-
ing lignin, and then prepare functional composites. At present, lignin has been applied
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to the preparation of high−value materials, such as porous carbon materials, adsorption
materials, capacitor electrode materials, graphene materials, surfactants and hydrogels,
and has broad application prospects in the energy, medical, construction, agriculture and
other fields [12–16]. The structural unit of lignin is similar to that of phenol. Preparing
lignin−based phenolic resin by partially replacing phenol with lignin is the most feasible
method [16–20]. Lignin and its derivatives can be used to synthesize bipolar plate materials
for phenolic resin fuel cells, phenolic resin catalysts, phenolic resin foams, phenolic resin
adhesives and other phenolic resin materials [21–23]. Since the 20th century, researchers
have been exploring the preparation of lignin−based phenolic resin by replacing phenol
with structurally modified lignin derivatives. After the 1990s, the preparation technology
of lignin−based phenolic resin developed rapidly because many kinds of structurally
modified lignin derivatives with flame retardancy were produced. However, due to the
shortcomings of high pollution, high energy consumption, and a complex preparation
process, lignin−based phenolic resin cannot be produced on a large scale.

As a simple C–S bonding reaction, “thiol–ene” reaction was discovered over 100 years
ago [24]. This reaction has very attractive advantages: First, the C–S bonding reaction
can be conducted under a variety of conditions. Secondly, various olefins can be used as
suitable substrates, including activated and inactive polysubstituted olefins. Third, almost
all mercaptans can be used for reactions, including highly functional substances. Finally,
this reaction is very rapid, and the reaction conditions are mild, which can be conducted
in the air environment [25–27]. The “thiol–ene “click reaction can be initiated by free
radicals, initiated by ultraviolet light and free radicals using natural light, red light and
redox system. The click reaction is fast and can be performed under normal temperature
and pressure. If it is initiated by ultraviolet light, the reaction yield can reach more than
90% in a few seconds. As a means of constructing new materials, the “thiol–ene” click
reaction has many advantages: olefin compounds are very rich, with high selectivity, and
can synthesize a large number of compounds with various structures [28–31]. Recently, Jaw-
erth reported that the ethanol−soluble fraction of Lignoboost Kraft lignin was selectively
allylated using allyl chloride by means of a mild and industrially scalable procedure. The
obtained modified lignin was then subsequently cross−linked to prepare thermosetting
resin via thermally induced thiol–ene chemistry [29]. Cao et al. prepared thermosetting
lignin−based polyurethane coatings with superior corrosion resistance and a high content
of lignin by the polymerization of lignin−based polyol. Firstly, the phenolic hydroxyls
of enzymatic hydrolysis lignin were, firstly, selectively converted to primary aliphatic hy-
droxyls by an allylation reaction. Subsequently, the thermal radical initiated thiol–ene click
reaction was applied to efficiently prepare the lignin−based polyol [30]. Zeng et al. devel-
oped durable a superhydrophobic and oleophobic coating based on perfluorodecanethiol
fluorosilicone polyurethane (PFDT−FSPU) and thiol−modified cellulose substrate. The
cross−linked network structure was formed by the radical polymerization of double bonds
in PFDT−FSPU when the polyurethane was irradiated with ultraviolet light, and it was
anchored on the surface of the cotton fibers by click reaction between the thiol−modified
cellulose substrate and PFDT−FSPU. The coated fabric showed excellent durability and
can still maintain superhydrophobicity and oleophobicity even after 600 cycles of abrasion
or 30 times of washing cycles or 168 h of accelerated aging test [31].

The chemical modification of ethyl cellulose and lignin to prepare olefin−functionalized
lignin and ethyl cellulose can effectively increase reaction activity and enrich their ap-
plication performance. The chemical modification of ethyl cellulose and lignin to con-
struct new functional materials has become a major strategy to increase their added value.
In this study, ethyl cellulose (EC) and lignin are modified via esterification to prepare
olefin−functionalized ethyl cellulose and lignin, which are further used to prepare cellu-
lose and lignin cross−linker polymers via thiol–ene click chemistry. The chemical structure
of olefin−functionalized EC and lignin, as well as ethyl cellulose and lignin cross−linked
polymers are characterized. In addition, the thermal stability, microstructure, mechanical
property and pyrolysis gas composition are also investigated.
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2. Experimental Procedure
2.1. Materials

Lignin (Hydroxyl content: 5.6 mmol/g), EC (Mw = 151,237, Mw unit = 454.5 g/mol,
DP = 332, Hydroxyl content: 1.57–1.82 mmole/g), 1−Hydroxycyclohexyl phenyl ke-
tone, undecylenic acid, 4−Dimethylaminopyridine (DMAP), trimethylacetic anhydride,
dichloromethane (DCM), methanol, tetrahydrofuran (THF), ketone, azodiisobutyronitrile
(AIBN), 3,6−Dioxa−1,8−octanedithiol and pentaerythritol tetra(3−mercaptopropionate)
were obtained from commercial resources and used as received, unless otherwise
mentioned.

2.2. Preparation of Olefin−Functionalized Ethyl Cellulose (OFE)

EC (3.0 g, 0.01975 mol), undecylenic acid (1.82 g, 0.009878 mol), DMAP (12 mg,
0.09878 mmol) and trimethylacetic anhydride (1.83 g, 0.009878 mol) were dissolved in
50 mL dry THF and stirred at 60 ◦C under a nitrogen atmosphere for 48 h. In order
to remove the unreacted undecylenic acid, the purification process was conducted by
repeating dissolution into dry tetrahydrofuran and precipitation from methanol. The solid
product was dried under vacuum to obtain OFE and label as EC−1−0.5. When the mole
ratios of EC, undecylenic acid, DMAP and trimethylacetic anhydride were 1:1:0.001:1 and
1:1.3:0.001:1, the obtained OFEs were labeled as EC−1−1 and EC−1−1.3, respectively.
Scheme 1 shows the Synthesis of OFE.
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2.3. Preparation of Olefin−Functionalized Lignin (OFL)

Lignin (5.0 g, 28.75 mmol), undecylenic acid (2.645 g, 14.375 mmol), DMAP (17.53 mg,
0.14375 mmol) and trimethylacetic anhydride (2.677 g, 14.375 mmol) were dissolved in
50 mL dry THF. The mixture was stirred at 60 ◦C under a nitrogen atmosphere for 48 h. In
order to remove the unreacted undecylenic acid, the purification process was conducted by
repeating dissolution into dry tetrahydrofuran and precipitation from methanol. The solid
product was dried under vacuum to obtain OFLs and labeled lignin−1−0.5. When the mole
ratios of lignin, undecylenic acid, DMAP and trimethylacetic anhydride were 1:1:0.001:1 and
1:1.3:0.001:1, the obtained OFLs were labeled as lignin−1−1 and lignin−1−1.3, respectively.
Scheme 2 shows the synthesis of OFL.
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2.4. Determination of Olefin Group Concentration in OFE and OFL

The olefin group concentration in OFE and OFL was investigated with the inter-
nal standard method using 1,2,4,5−tetrachloro−3−nitrobenzene as the interior label.
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OFE, OFL and 1,2,4,5−tetrachloro−3−nitrobenzene were dissolved in CDCl3, and the
1H NMR of the mixture was tested. The signals at 5.0 ppm and 5.82 ppm from the pro-
tons of the olefin group were also integrated. The signal at 7.75 ppm from the protons of
1,2,4,5−tetrachloro−3−nitrobenzene was 100. A detailed calculation is presented in [32].

2.5. Preparation of Wood−Derived Polymers through the Chemical Cross−Linking of OFE and
OFL via Thiol–Ene Click Chemistry

OFL or OFL polymers, thiol cross−linkers and 1−Hydroxycyclohexyl phenyl ketone
(5% of total mass) were dissolved in dry THF. The mixture was stirred for 30 min and
ultrasound for 20 min at room temperature. Then, the mixture was poured into a poly-
tetrafluoroethylene mold, dried under tin foil for 24 h and vacuumed for 24 h at room
temperature; then, a UV light was used for 10 min (two 10 W UV lamp tubes). The reactants
and obtained wood−derived polymers are shown in Table 1. A schematic diagram of the
chemical structure of the wood−derived polymers is presented in Scheme 3.

Table 1. Reactants and the obtained wood−derived polymers.

Cross−linked Polymer Reactants

EC−1−0.5−2SH EC−1−0.5 and 3,6−Dioxa−1,8−octanedithiol,
n(−CH=CH−) = n(−SH)

EC−1−1.0−2SH EC−1−1.0 and 3,6−Dioxa−1,8−octanedithiol,
n(−CH=CH−) = n(−SH)

EC−1−1.3−2SH EC−1−1.3 and 3,6−Dioxa−1,8−octanedithiol,
n(−CH=CH−) = n(−SH)

EC−1−0.5−4SH EC−1−0.5 and pentaerythritol tetra(3−mercaptopropionate),
n(−CH=CH−) = n(−SH)

EC−1−1.0−4SH EC−1−1.0 and pentaerythritol tetra(3−mercaptopropionate),
n(−CH=CH−) = n(−SH)

EC−1−1.3−4SH EC−1−1.3 and pentaerythritol tetra(3−mercaptopropionate),
n(−CH=CH−) = n(−SH)

EC−Lignin−2SH EC−1−1, Lignin−1−1, and 3,6−Dioxa−1,8−octanedithiol,
n(−CH=CH−)/n(−CH=CH−)/n(−SH) = 0.5:0.5:1

EC−Lignin−4SH EC−1−1, lignin−1−1, and pentaerythritol tetra(3−mercaptopropionate),
n(−CH=CH−)/n(−CH=CH−)/n(−SH) = 0.5:0.5:1

Lignin−1−1−2SH Lignin−1−1 and 3,6−Dioxa−1,8−octanedithiol, n(−CH=CH−) = n(−SH)
Lignin−1−1−4SH Lignin−1−1 and pentaerythritol tetra(3−mercaptopropionate), n(−CH=CH−) = n(−SH)

2.6. Characterization

Fourier transform infrared spectrometry (FTIR) spectra were obtained using a PerkinElmer
spectrum 100 FTIR spectrometer. 1H NMR spectra were recorded on a Bruker Avance III HD
300 spectrometer using CDCl3 as the solvent with tetramethylsilane (TMS) as the internal
reference. The gel content (Cgel) was determined by Soxhlet extraction. First, approximately
0.5 g of polymer (recorded as m0) was precisely weighed, extracted with acetone for 24 h,
dried in a vacuum oven at 50 ◦C for 24 h and weighed again (recorded as m1). The Cgel was
calculated using (m1/m0) × 100%, and the three samples were tested for average. TG−FTIR
spectra were analyzed by using a 409PC thermal analyzer coupled with a Nicolet IS10 FTIR
instrument. The temperature was increased from 40 to 800 ◦C at a rate of 10 ◦C min−1 under a
N2 atmosphere. Tensile tests were conducted on an E43.104 Universal Testing Machine (MTS
Instrument Crop., Shenzhen, China). Dog−bone shaped polymers with a length of 20 mm and
a width of 5.0 mm were tested at room temperature with a crosshead speed of 20 mm min−1.
Five replicate samples were used to obtain an average value for each. The microstructure of the
cross−linked polymer was determined using German Leica microscope DM750M.
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3. Results and Discussion

The esterification products of lignin and EC with undecenoic acid were characterized
with FT−IR and 1H NMR, As seen in Figure 1, there are two strong proton signals at
5.0 ppm and 5.82 ppm in the 1H NMR of undecenoic acid, which are attributed to the
protons of olefin [33,34]. There are no proton signals at 5.0 ppm and 5.82 ppm in the 1H
NMR of EC. After esterification, proton signals at 5.0 ppm and 5.82 ppm gradually increased
in the 1H NMR of EC−1−0.5, EC−1−1.0 and EC−1−1.3. The results indicate that OFE
products were obtained. As seen in Figure 2, the strong peak at 1725 cm−1 is attributed to
the infrared absorption peak of the carbonyl group in the FT−IR of undecenoic acid [35–37].
There is no peak at 1725 cm−1 in FT−IR of EC. After esterification, infrared absorption
peaks of the carbonyl group gradually increased in the FT−IR of EC−1−0.5, EC−1−1.0
and EC−1−1.3, which indicates that the carbonyl groups were formed after esterification.
The peak at 1675 cm−1 in the FT−IR of EC−1−0.5, EC−1−1.0 and EC−1−1.3 is attributed
to the olefin groups [35–37]. The formation of carbonyl groups and the appearance of olefin
groups suggests that OFE products were obtained.

The 1H NMR of OFL showed a similar characteristic absorption peak compared with
that of OFE. As seen in Figure 3, there are no proton signals at 5.0 ppm and 5.82 ppm in the
1H NMR of lignin. After esterification, proton signals gradually increased at 5.0 ppm and
5.82 ppm in the 1H NMR of lignin−1−0.5, lignin−1−1.0 and lignin−1−1.3. The results
indicate that OFL products were obtained. Similarly, the FT−IR of OFL showed a similar
characteristic absorption peak compared that of with OFE. As seen from Figure 4, the strong
peak at 1725 cm−1 is attributed to the infrared absorption peak of the carbonyl group in the
FT−IR of undecenoic acid [33,34]. There is no peak at 1725 cm−1 in the FT−IR of lignin.
After esterification, infrared absorption peaks of the carbonyl group gradually increased
in the FT−IR of lignin−1−0.5, lignin−1−1.0 and lignin−1−1.3, which indicates that the
carbonyl groups were formed after esterification. The peak at 1675 cm−1 in the FT−IR
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of lignin−1−0.5, lignin−1−1.0 and lignin−1−1.3 is attributed to olefin groups [35–37].
The formation of carbonyl groups and the appearance of olefin groups suggests that OFL
products were obtained.
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The olefin group concentration in OFL and OFE was determined with the internal
standard method using 2,3,5,6−Tetrachloro−3−nitrobenzene as the interior label. The 1H
NMR of OFL and OFE with the interior label was detected and the results are shown in
Figures 5 and 6. The strong signal at 7.75 ppm in Figures 5 and 6 is attributed to the protons
of 2,3,5,6−Tetrachloro−3−nitrobenzene [38,39]. The olefin group concentration in OFL
and OFE was calculated according to the procedure presented in a recent study [32]. The
results are shown in Table 2, revealing that the olefin group concentration in OFL increased
from 1.8060 to 2.8096 mmol/g when the n(−COOH):n(−OH) increased from 0.5 to 1.3.
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The olefin group concentration in OFE increased from 2.9200 to 3.7000 mmol/g when the
n(−COOH):n(−OH) increased from 0.5 to 1.3.
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Table 2. Olefin group concentration in OFL and OFE.

OFL and OFE Samples Olefin Group Concentration in OFL and OFE (mmol/g)

Lignin−1−0.5 1.8060
Lignin−1−1 2.3818

Lignin−1−1.3 2.8096
EC−1−0.5 2.9200
EC−1−1 3.5873

EC−1−1.3 3.7000

83



Polymers 2023, 15, 1923

The chemical structure of EC cross−linked polymers and lignin cross−linked poly-
mers were investigated with FT−IR and 1H NMR. As seen from Figure 7, the FT−IR of
EC−1−1−2SH and EC−1−1−4SH was compared with EC−1−1. The peak at 1675 cm−1

in the FT−IR of EC−1−1 is attributed to the olefin groups [35–37]. After the thiol–ene click
reaction, there is no peak at 1675 cm−1 in the FT−IR of EC−1−1−2SH and EC−1−1−24H.
The chemical structure of the dissolved part for EC cross−linked polymers was investi-
gated with 1H NMR. As seen from Figure 8, the 1H NMR of EC cross−linked polymer was
compared with that of EC−1−1. The two strong proton signals at 5.0 ppm and 5.82 ppm in
the 1H NMR of EC−1−1 are attributed to the protons of olefin [33,34]. When the thiol–ene
click reaction finished, there were no protons at 5.0 ppm and 5.82 ppm in the 1H NMR of
EC−1−1−2SH and EC−1−1−4SH, which indicates that there was a thiol–ene click reac-
tion between OFL and the cross−linker (3,6−Dioxa−1,8−octanedithiol, pentaerythritol
tetra(3−mercaptopropionate)), and that the EC cross−linked polymers were obtained.
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Figure 9 shows the FT−IR of ligin−1−1−2SH and lignin−1−1−4SH compared with
that of lignin−1−1. The peak at 1675 cm−1 in the FT−IR of ligin−1−1 is attributed to
olefin groups [35–37]. When the thiol–ene click reaction finished, the peak at 1675 cm−1

in the FT−IR of ligin−1−1−2SH and ligin−1−1−4SH decreased obviously, which shows
that there is still a small amount of the olefin group in the lignin cross−linked polymer.
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Figure 10 shows the 1H NMR of the chemical structure of the dissolved part for the lignin
cross−linked polymers. The 1H NMR of the lignin cross−linked polymer was compared
with that of lignin−1−1. The two strong proton signals at 5.0 ppm and 5.82 ppm in the 1H
NMR of ligin−1−1 are attributed to the protons of olefin [34,34]. After the thiol–ene click
reaction, the proton signals at 5.0 ppm and 5.82 ppm in the 1H NMR of lignin−1−1−2SH
and lignin−1−1−4SH appeared weak and almost disappeared, which indicates that the
thiol–ene click reaction between OFL and cross−linker (3,6−Dioxa−1,8−octanedithiol,
pentaerythritol tetra(3−mercaptopropionate)) is incomplete, because the precise proportion
of olefin and sulfhydryl is difficult to control.
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Figure 11 shows the FT−IR of the EC–lignin cross−linked polymer compared with that
of lignin−1−1, EC−1−1 and undecenoic acid. When the thiol–ene click reaction occurred,
the peak at 1675 cm−1 in the FT−IR of EC−ligin−2SH and EC−ligin−4SH was weaker than
those of lignin−1−1 and EC−1−1, which shows that there is still a small amount of the olefin
group in the EC–lignin cross−linked polymer. Figure 12 shows the 1H NMR of the chemical
structure of the dissolved part for the EC–ligin cross−linked polymers, and the 1H NMR of the
lignin cross−linked polymers compared with that of lignin−1−1 and EC−1−1. The proton
signals at 5.0 ppm and 5.82 ppm in the 1H NMR of EC−ligin−2SH and EC−ligin−4SH were
low, which was caused by the thiol–ene click reaction.
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EC−1−1.

The tensile stress and strain at break of the EC and cross−linked polymers were inves-
tigated and the results are shown in Figures 13–16. As seen in Figure 13, the tensile stress
and strain at break of EC were 146.8 MPa and 1.32%, respectively. For the cross−linked
polymers, the tensile stress and strain at break increased when the olefin group concen-
tration increased in OFE. When the olefin group concentration increased from 2.9200 to
3.7000 mmol/g, the tensile stress at break increased from 16.41 MPa to 23.59 MPa, as seen
in Table 3, while the tensile strain at break firstly increased from 17.25% to 19.41% and then
decreased to 18.12%. When the pentaerythritol tetra(3−mercaptopropionate) was used as
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cross−linker, as seen in Figure 15, the tensile stress at break increased from 6.86 MPa to
13.94 MPa, and the tensile strain increased from 14.85% to 22.38. EC−lignin−4SH showed
excellent tensile properties compared to EC−lignin−2SH. The tensile stress at break for
EC−lignin−4SH was 15.19 MPa, which is higher than that of EC−lignin−2SH at 13.72 MPa,
and the tensile strain at break increased from 15.12% to 17.25%. The gradual enhance-
ment in mechanical properties is positively correlated with the olefin group concentration.
The mechanical properties of the lignin cross−linked polymers (lignin−1−1−2SH and
lignin−1−1−4SH) were not tested because the polymers were in powder form. Compared
with EC, the tensile strength of the cross−linked polymers decreased significantly, but the
tensile strain increased sharply, which is caused that the flexible aliphatic hydrocarbon
chain from undecylenic acid as the branched chains of EC and lignin increased the distance
among the main chains, weakened the interaction force among the main chains and re-
duced the hydrogen bond interaction in the matrix of EC and lignin. The flexible aliphatic
hydrocarbon chain from undecylenic acid contributed to plasticization by functioning as
an internal plasticizer.
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tetra(3−mercaptopropionate) as the cross−linker.
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Figure 16. Tensile stress and strain of the EC–lignin cross−linked polymers.

Table 3. Tensile stress, tensile strain and Cgel of the cross−linked polymers.

Polymer Films Tensile Stress (MPa) Tensile Strain (%) Cgel (%)

EC 146.89 ± 10.24 1.32 ± 0.02 −
EC−1−0.5−2SH 16.41 ± 1.22 17.25 ± 0.19 94.9 ± 0.8
EC−1−1.0−2SH 16.53 ± 1.10 19.41 ± 2.18 96.4 ± 0.4
EC−1−1.3−2SH 23.59 ± 3.01 18.12 ± 0.13 98.0 ± 0.4
EC−1−0.5−4SH 6.86 ± 0.21 14.85 ± 1.11 92.7 ± 0.6
EC−1−1.0−4SH 10.55 ± 0.89 16.92 ± 1.76 94.3 ± 0.7
EC−1−1.3−4SH 13.94 ± 1.00 22.38 ± 3.20 95.2 ± 0.9
EC−Lignin−2SH 13.72 ± 0.02 15.12 ± 1.19 94.8 ± 0.2
EC−Lignin−4SH 15.19 ± 1.03 17.25 ± 2.10 97.2 ± 0.5

Lignin−1−1−2SH − − −
Lignin−1−1−4SH − − −
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The Cgel of the cross−linked polymers were detected and the results are shown in
Table 3. The results show that Cgel is positively correlated to the tensile stress for the same
type of polymers. For the EC−n−2SH cross−linked polymers, when the tensile stress
increased from 16.41 MPa to 23.59 MPa, the Cgel increased from 94.9% to 98.0%. The other
cross−linked polymers showed the same relationship between the gel content and the
tensile strength.

The microstructure of the cross−linked polymers were investigated using a Leica
DM750M optical microscope. As seen in Figure 17, the EC cross−linked polymers showed
a uniform surface structure without large cracks or micropores, while the EC−lignin
polymers showed an uneven surface structure with many large cracks and micropores,
which may be due to solvent evaporation.
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Figure 18 shows the thermal stability of the EC and cross−linked polymers. Only one
thermal degradation stage occurred at 360–370 ◦C for EC and all cross−linked polymers. It
has been reported that, when cellulose−based polymers are degraded at high temperatures,
their polymerization degree is reduced, the chemical composition also changes and the
carbonyl groups increase [40,41]. When cellulose−based polymers are fully degraded,
carbon monoxide, carbon dioxide, ethylene, water and carbon are produced [42,43]. Table 4
shows the thermal degradation temperature (Td), the peak value of the thermal degradation
temperature (TP) and the char residue of the cross−linked polymers. The thermal stability
of the cross−linked polymers (EC−1−1.0−2SH, EC−1−1.0−4SH and EC−1−1.3−4SH)
was higher than that of EC. The Td, TP and char residue of the cross−linked polymers
increased compared with those of EC. This is because OFE and the cross−linkers, such as
3,6−Dioxa−1,8−octanedithiol and pentaerythritol tetra(3−mercaptopropionate), contain
thermostable ester groups, which makes the cross−linked polymers difficult degrade.
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Table 4. Td, TP and char residue of the cross−linked polymers.

Cross−linked Polymers Td (◦C) TP (◦C) Char Residue (%)

EC 339.8 364.1 0.9
EC−1−1.0−2SH 348.2 370.2 6.6
EC−1−1.0−4SH 346.8 371.2 7.2
EC−1−1.3−4SH 344.0 374.1 5.7

In order to further investigate the composition of the thermal degradation products,
TGA−FTIR was carried out. Figures 19 and 20 show the 3D and 2D FT−IR, respectively,
of EC (a), EC−1−1.0−2SH (b), EC−1−1.0−4SH (c) and EC−1−1.3−4SH (d). The infrared
characteristic absorption peak of the gas phase of the thermal degradation products can be
clearly observed in Figure 20. The data were collected at the fastest decomposition temperature
of 340 ◦C. The infrared characteristic absorption peaks at 3684, 2979, 2306 and 1747, 1391,
1057 cm−1 were attributed to H2O, aliphatic hydrocarbon segments, CO2 and degradation
products containing ester groups, respectively [44–46]. The existence of ester groups in the
cross−linked polymers and degradation products make them more thermally stable.
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Figure 20. Two−dimensional FT−IR of EC, EC−1−1.0−2SH, EC−1−1.0−4SH and EC−1−1.3−4SH. 
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Abstract: Biomass fillers offer the possibility to modify the mechanical properties of foams, increasing
their cost-effectiveness and reducing their carbon footprint. In this study, bio-based PU (soft, open
cells for the automotive sector) and epoxy (EP, hard, closed cells for construction applications) com-
posite foams were prepared by adding pristine and laccase-mediated lauryl gallate-hydrophobized
hemp protein particles as filler (HP and HHP, respectively). The fillers were able to modify the
density, the mechanical properties and the morphology of the PU and EP foams. The addition of HP
filler increases the density of PU foams up to 100% and significantly increases the σ values by 40%
and Emod values. On the other hand, the inclusion of the HHP as filler in PU foams mostly results in
reduced density, by almost 30%, and reduced σ values in comparison with reference and HP-filled
foams. Independently from filler concentration and type, the biomass increased the Emod values
for all foams relative to the reference. In the case of the EP foams, the tests were only conducted for
the foams filled with HHP due to the poor compatibility of HP with the EP matrix. HHP decreased
the density, compressive strength and Emod values of the composites. For both foams, the fillers
increased the size of the cells, while reducing the amount of open cells of PU foams and the amount of
closed cells for EP foams. Finally, both types of foams filled with HHP reduced the moisture uptake
by 80 and 45%, respectively, indicating the successful hydrophobization of the composites.

Keywords: polyurethane and epoxy composite foams; hemp protein; laccase-assisted hydrophobization;
bio-fillers; mechanical properties

1. Introduction

Polyurethane foams (PUFs) are extensively utilized across various industries due to
their versatility, lightweight nature, and exceptional thermal insulation properties. Despite
the domination of polyurethane foams on the foam market [1], the development of other
foam types, for example, polystyrene (PS), poly(vinyl chloride) (PVC), polyethylene (PE),
polypropylene (PP) or poly(methyl methacrylate) [1], phenolic [2–4], and (bio)-epoxy
foams [5–9], is spreading continuously. Although each type of foam presents its own
advantages, density, thermal stability, and mechanical properties are key parameters for
its ultimate application. One possible way to improve the density as well as mechanical
properties of PU and epoxy foams is the introduction of filler(s) [10,11]. Moreover, filler
can reduce costs while maintaining acceptable performance levels, especially if the filler
components are generally cheaper than the base materials [12–15].

A promising filler material that has gained attention for use in PUFs is hemp biomass.
Hemp is a fast-growing plant that can be cultivated without excessive water or chemical
supplementation, making it cost-effective relative to other crops [16]. It is considered
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a renewable resource, aligning with sustainability goals and reducing reliance on non-
renewable materials [17]. Additionally, the strong and stiff fibers or particles derived from
hemp can enhance the foam’s tensile strength, flexural strength, and impact resistance,
thereby increasing the foam’s overall performance [18,19].

However, hemp and other types of biomass fillers do present some challenges. Hemp
moisture adsorption capacity can negatively affect the long-term dimensional stability
and mechanical properties of foams (including polyurethane), as well as the reaction
kinetics and the foam expansion during the production of the material [20–23]. Moreover,
biomass fillers may face issues related to degradation, durability, and dispersion within the
polyurethane matrix [24–26]. They can also contribute to increased flammability and hinder
the flame retardant properties of the foam, requiring additional additives or treatments to
comply with fire safety regulations [27].

To address these concerns, hydrophobized hemp biomass fillers offer several improve-
ments. The incorporation of hydrophobic fillers has the potential to enhance flame retardant
effectiveness, improve compatibility with the matrix, promote better dispersion, and result
in greater consistency of performance. Moreover, the application of this modified biomass
could contribute to increasing the mechanical properties of the foam [28–30].

Herein, we modified hemp protein by laccase-catalyzed oxidative grafting of lau-
ryl gallate (LG)—a phenolic compound with an alkaline chain. Grafting was carried
out by adapting a previously reported method to produce hydrophobized cellulose and
wool [31–33]. In this process, biomass was pre-activated enzymatically using acetosy-
ringone. This mediator facilitates the laccase-assisted oxidation of chemical groups that
would otherwise be inaccessible to the enzyme. By implementing this approach, we were
able to achieve the LG grafting onto the hemp biomass in a waterborne reaction with-
out the need for hazardous reagents used in other chemical hydrophobization reactions,
such as periodate, or harsh conditions, such as combustion methods. The hydrophobized
biomass was used as filler for polyurethane and epoxy foams, and its influence on the foam
properties was investigated.

2. Materials and Methods
2.1. Materials and Reagents

Polycarbonatediols Cardyon® LC 05 (made using Covestro’s CO2-technology integrat-
ing up to 20 percent CO2 into polyol, OH n = 53.5 KOH/g) and ETERNACOLL UT-200
(OH n = 56 KOH/g) were supplied by Covestro (Leverkusen, Germany) and UBE Corporation
Europe (Castellón de la Plana, Spain), respectively. Poly(propylene glycol) 4000, Polyethylene
glycol 600, Aspartic acid, Formic acid, Dibutyltin dilaurate, Tween 80, Poly(methylhydrosiloxane),
lauryl gallate (LG) and carboxymethylcellulose sodium salt were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Exolit® OP 560 (co-reactive flame retardant with an OH
value of 450 mg KOH/g) was supplied by Clariant (Muttenz, BL, Switzerland). Ortegol
500 was supplied by Evonik (Essen, Germany). LED-103 (reactive, acid blocked catalyst,
OH n = 2405 KOH/g) and Niax silicone L-6164 were supplied by Momentive Performance
Materials Inc. (Antwerp, Belgium) Iso 133/6 poly(4,4′-Diphenylmethandiisocyanat) with
32% of NCO groups and Ongronat CO5700—PMDI/PPG-prepolymer with 8.5% NCO con-
tent were supplied by BASF (Ludwigshafen am Rhein, LU, Germany) and BorsodChem
(Kazincbarcika, Hungary), respectively.

Bio-based epoxy resin SR Greenpoxy 56 and amino-hardener SZ 8525 (from Sicomin
Epoxy systems) were purchased from Time Out Composite oHG, Bornheim-Sechtem,
Germany. Epoxidized Cardanol Cardolite® NC-513 and CNSL Novolac resin NX-4001 were
supplied by Cardolite Corporation. Novozymes (Bagsværd, Denmark) supplied fungal
laccase Novozym 51003 from Myceliophthora thermophile (EC1.10.3.2). 3′,5′-dimethoxy-
4′-hydroxyacetophenone (acetosyringone) was obtained from ACROS Organics (Geel,
Belgium). Hemp protein residues obtained from the oil-pressing process of hempseeds
were kindly provided by Kroppenstedter Olmühle (Kroppenstedt, Germany). All reagents
for foam preparation were used without any additional purification.
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2.2. Hydrophobization of Hemp Protein

The hydrophobization of hemp protein powder was accomplished by an enzymatic,
laccase-mediated functionalization with LG in a bioreactor Labfors 5 (Infors HT, Bottmingen,
Switzerland), following a previously described protocol, with some modifications [23].
First, 7.5 mM of acetosyringone was dissolved in 2 L of 50 mM sodium acetate buffer at
pH 5.5. Then, 10 mg/mL of biomass was added to the mixture. Upon complete dissolution
of the reagents, the hemp protein was pre-activated using laccase (13 U/mL) for 1 h at
50 ◦C. Subsequently, LG solution containing 40 vol.% ethanol was introduced into the
mixture to initiate the grafting process on the biomass to a final concentration of 6 mM of
LG and 20 vol.% of ethanol. After 2 h of reaction, the modified hemp powder was separated
by centrifugation at 10,000× g for 30 min in order to eliminate the unreacted compounds.
The resulting pellet was frozen at −80 ◦C and subsequently freeze-dried to obtain the final
functionalized hemp protein product.

2.3. Polyurethane Foam Preparation

Bio-based PU foams were prepared using a one-step method. At first, a solution
consisting of a blend of polyols Cardyon® LC 05, Eternacoll UT-200, Poly(propylene glycol)
4000, and Polyethylene glycol 600 was prepared. To the obtained solution, aspartic and
formic acids were added as blocking agents; LED-103 and Dibutyltin dilaurate were added
as blowing and gelling catalysts, respectively. Niax silicone L-6164 and Ortegol 500 were
added as cell-openers, and Tween 80 used as a bio-based co-surfactant. A water solution
of 2.5 wt% carboxymethylcellulose was used as chemical blowing agent and bio-based co-
surfactant. Exolit® OP 560 and Poly(methylhydrosiloxane) were added as co-reactive flame
retardant and blowing agent, respectively. The resulting mixture (denoted as Component
A) was mixed for 20 min at 2000 rpm for homogenization.

In the case of preparation of filled foam, the filler was added in appropriate concentra-
tion to Component A before homogenization. More specifically, the obtained fillers were
added at the following concentrations: 0.25; 0.5; 1, 1.5; 2, 2.5 and 3 wt%. For foams with
filler amount ≥3.5 wt%, post-reaction shrinking of more than 4% was observed. That is why
these foams were not considered for further testing. Moreover, in general, for HHP-filled
foams, we observed lower shrinking in comparison with HP-filled foams.

Next, an appropriate amount ([NCO]/[OH] = 1.05) of Component B, a blend of
Iso 133/6 and Ongronat CO5700, was added to Component A, and their combination
was stirred with mechanical stirring for 20 s at 2000 rpm. Immediately afterwards, the
resultant mixture was transferred into an open cylindrical mold, allowing free rising at
room temperature. For the sake of brevity, the produced composite foams were named
as PU_Name_y, where “Name” is the abbreviation of corresponding filler and “y” refers
to wt% of the filler added to the PU matrix. For example, the “HP” in the sample name
PU_HP_1 referred to hemp protein as filler, and the “1” indicated the wt% of HP added in
the PU matrix, while PU_HHP_y was used for foams with hydrophobized hemp protein,
respectively. Unfilled PU foam named PU_Ref was used as reference. Table 1 reports the
amounts of reagents used in PU formulation for 100 g of total foam.

2.4. Epoxy Foam Preparation

Bio-based epoxy foams were prepared using a one-step method. At first, an ap-
propriate amount of SR GreenPoxy 56 as base resin, CNSL Novolac resin NX-4001 as
co-resin and Cardolite® NC-513 as co-reactive diluent were thoroughly mixed together at
50–55 ◦C for 10 min with a propeller mixer at 2000 rpm. After that, the appropriate amount
of hardener SZ 8525 was added to the resin blend and mixed at 2000 rpm for 2 min. In the
last step, Poly(methylhydrosiloxane) as blowing agent was added, and all components were
mixed for 1 min at 2000 rpm. Afterwards, the resultant reactive mixture was immediately
transferred into an open Al mold for free-rise, kept at RT for 1 h, and then post-cured at
70 ◦C for 4 h.
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Table 1. Amounts of reagents used in PU formulations for 100 g of total foam.

Component Amount, g

Cardyon® LC 05 16.37
Poly(propylene glycol)4000 4.01

Eternacoll UT-200 3.04
Polyethylene glycol 600 1.96

Water + CMC_2.5% 2.50
Aspartic acid 1.02

Exolit® OP 560 5.73
Dibutyltin dilaurate 1.60

Formic acid 1.39
LED-103 0.05
Tween 80 1.02

Niax silicone L-6164 1.02
Ortegol 500 1.23

Poly(methylhydrosiloxane) 0.82
iso 133/6 19.24

Ongronat CO5700 39.00

100.00

In the case of filled foam preparation, the appropriate amount of filler (0.25; 0.5; 1,
1.5; 2, 2.5 and 3 wt%) was added in resin blend before homogenization. The produced
composite foams were named as Epoxy_Name_y, where “Name” is the abbreviation of
the corresponding filler, and “y” refers to the wt% of filler added to the epoxy matrix. For
example, in a sample named Epoxy_HHP_1, “HHP” refers to the filler, and “1” indicates
the wt% of HHP added in the epoxy matrix. Unfilled epoxy foam named as Epoxy_Ref
was used as reference. For composite epoxy foams, only HHP was used as filler because of
the significantly worse dispersibility of HP in resin. Table 2 reports the amounts of reagents
used in epoxy formulations for 100 g of total foam.

Table 2. Amounts of reagents used in EP formulations for 100 g of total foam.

Component Amount, g

SR GreenPoxy 56 72.46
Cardolite® NX-4001 3.62
Cardolite® NC-513 3.62

SZ 8525 18.12
Poly(methylhydrosiloxane) 2.18

100.00

2.5. Characterization of the Hydrophobized Hemp Protein

To evaluate the enzymatic grafting modification, FTIR analysis of the biomass was
recorded over the 4000−650 cm−1 range, performing 64 scans with a PerkinElmer Spectrum
100 (PerkinElmer, Waltham, MA, USA). The baseline was corrected, and the spectra were
normalized using the PerkinElmer Spectrum software v.1.0, with the maximum absorbance
intensity value serving as the reference. The hydrophobicity of the biomass was determined
using the sessile drop method. A layer of hemp powder was applied to a glass support,
and then a 2 µL water droplet was casted onto the biomass. Subsequently, the contact angle
of the drop was measured using a Drop Shape Analyzer (Krüss, Hamburg, Germany).

2.6. Polyurethane and Epoxy Foam Characterization
2.6.1. Characterization of Density and Mechanical Properties

The density of PU and epoxy foams was determined at 23 ◦C with 50% relative
humidity [34]. The density value reported is the average value of 10 specimens with size
30 mm × 30 mm × 30 mm (length × width × thickness).
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Mechanical compressive strength of PU/epoxy foams was determined according
to [35] and carried out through a Zwick 1445 Retroline machine (ZwickRoell GmbH and Co.
KG, Berlin, Germany). The following parameters were used for measurement: initial load
0.5 N, E-modulus velocity 10 mm/min, testing velocity 10%/min, maximal deformation
70%. Compressive strength at 10% and 40% strain and according to values of compressive
modulus were performed. Then, 10 specimens were tested, and an average value was taken
along with the standard deviation.

2.6.2. Determination of Moisture Uptake

Hydrophobicity of filled PU and epoxy foams was determined by moisture uptake test
in humidity camera at 23 ◦C and relative humidity of 90%. Foam samples before testing
were dried at 40 ◦C to constant weight and then placed in the humidity camera. At intervals
of 24 h, the samples were weighed to control weight increases due to water absorption. The
experiment was considered fully completed if the last three weight measurements showed
a weight with a maximal difference of 0.00001 g.

3. Results and Discussion
3.1. Characterization of the Hydrophobized Hemp Protein

The laccase-assisted method to graft lauryl gallate onto hemp protein yielded hy-
drophobized biomass. This modification was evaluated through FTIR and contact angle.
The spectrum of the hydrophobized biomass showed an increase in the signals at ~2919
and ~2857 cm−1 compared to the unmodified sample, corresponding to the C-H stretching
absorption of the lauryl gallate. Furthermore, the signal associated with the C=C-C of the
aromatic ring at ~1619 cm−1 also increased in the modified hemp spectrum. Additionally,
the LG moieties caused the appearance of signals in the regions of ~1200 and ~700 cm−1

due to C-O and C-H bonds, respectively (Figure 1A) [33]. To assess the hydrophobicity of
the modified material, the contact angle was measured and compared with the pristine
biomass. The contact angle of the hemp after treatment increased from 96.4◦ to 124.2◦

(Figure 1B), thereby confirming the successful hydrophobization of the material. LG is an
ester of gallic acid and dodecanol; the reaction with laccase couples the phenolic groups
with the ones present in the hemp protein, exposing the long hydrocarbon chain. The
non-polar nature of these chains repels the water, conferring to the biomass hydrophobic
properties.

1 
 

 
 
 
 
 
 

 
 
 
 
 

Figure 1. FTIR spectra of hemp protein (black) and hydrophobized hemp protein (red) (A) and
contact angle of the biomass before and after the hydrophobization (B).

In order to test the influence of hydrophobic modification on the morphology of hemp
protein particles, the biomass was analyzed by SEM. As is visible from the SEM images, the
hydrophobization had a significant influence on the surface structure of the hemp protein
particles (Figure 2). The HP SEM images displayed a smooth surface, while the HHP
presented attached on the surface nano-structures due to the modification with LG. Similar
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surface morphology changes have been previously described in lignocellulosic biomass
modified with this compound [36].
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Figure 2. SEM images of pristine (A,B) and hydrophobized (C,D) hemp protein under 20,000× and
30,000× magnification, respectively.

3.2. Polyurethane Foam Characterization

In order to test the influence of hemp protein hydrophobization on the polyurethane
foams’ mechanical properties, determination of the filled foam density and the assessment
of compressive strength values were carried out. Before foam preparation, fillers were
dispersed in Component A (detailed description in Section 2.3). For foams filled with
hemp protein, the density increased relative to the reference foam. Modified hemp protein-
filled PU foams presented lower density than the reference foams and the HP-filled ones
(Figure 3). It must be noted that hydrophobized filler demonstrated significantly better
dispersibility in polyol blend.
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hemp protein (HHP) (max. standard deviation 4.16%).
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Testing of mechanical properties demonstrated a significant increase in σ40% values
for HP-filled PU foams; however, the σ10% values did not differ significantly. Only
the foams with 3 wt% of filler displayed an increase in both σ10% and σ40% values in
comparison with the reference in ca. 100%. PU foams filled with hydrophobized hemp
protein exhibited the highest σ10% and σ40% values at 1 wt% filler content, surpassing the
values of the reference foams. In general, addition of HHP as filler in PU foams mostly
resulted in decreased density and compressive strength in comparison with reference and
the HP-filled foams (Figure 4A). Values of Emod increased for foams with both filler types
independent of the filler concentration. HP-filled foams with 3 wt% of filler presented the
highest value (increasing 6.5-fold in comparison with the reference). The foams filled with
HHP, with the exception of the foam with a filler content of 3 wt%, presented higher Emod
values than those of the HP-filled ones, which indicates better resistance to deformation by
external forces (Figure 4B).
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Figure 4. Compressive strength values at 10% and 40% deformation (A) and Emod values (B) for
reference polyurethane foam and foam filled with pristine and hydrophobized hemp protein (max.
standard deviation 6.85% and 9.01% for σ and Emod values, respectively).

Such significant differences in the mechanical properties of foams filled with hy-
drophobized and non-hydrophobized hemp protein can be explained by the different
morphology of the foams. The higher hydrophilicity of the pristine fillers reduced their
dispersibility in the polyurethane matrix, producing bigger agglomerates. Moreover, at
higher concentrations of the pristine HP (for example, 3 wt%), the agglomerates were
embedded in the matrix (Figure 5A, areas marked with red arrows). For the foam filled
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with the same concentration of HHP, there was an obviously better dispersion of the filler
in the polyurethane matrix, presenting agglomerates of much smaller size (Figure 5B).
At the same time, bigger cells were formed in the HP-filled foams (Figure 5C,E) relative
to the HHP-filled ones (Figure 5D,F). A similar trend in open-cell flexible PU foams—an
increase in cell size with increasing hydrophilicity of the filler—was reported by Sung
et al. [30]. This effect can be explained by improved compatibility of the hydrophobic
or, as in our case, hydrophobized biomass with the matrix, which leads to an increase in
interfacial adhesion. Furthermore, the addition of both fillers in the PU foams increased
the foams’ cell size in comparison with the non-filled foams and decreased the amount of
open cells (Figure 5G,H). Because the morphology of the foams has a direct influence on
the mechanical properties, analyzing the data from the mechanical tests and SEM studies,
it can be concluded that the introduction of fillers increases the cell size and σ and Emod
values.
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However, the presence of agglomerates may cause a reduction in these properties at
higher reinforcement content. A similar tendency has been reported for soft PU composite
foams filled with SiO2 [37].

3.3. Epoxy Foam Characterization

In the case of epoxy foams, only HHP fillers were used in the formulation due to
the poor dispersibility of HP in the resin. The addition of the HHP fillers into the epoxy
mixture (hard foams with closed cells) reduced the density of the foams in comparison
with the reference. The tendency is similar to that of polyurethane foams filled with HHP,
as the foam filled with 1 wt% HHP was the one with the lowest density (Figure 6).
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Figure 6. Density of reference epoxy foam and foam filled with hydrophobized hemp protein (max.
standard deviation 4.98%).

The compressive strength test showed that the inclusion of HHP in epoxy foam
decreased both σ10% and σ40% values with increasing filler amount (Figure 7A). The same
tendency was observed for Emod values (Figure 7B). The epoxy foam filled with 1 wt% of
HHP presented the lowest density, the lowest values of compressive strength at 10% and
40% deformation as well as Emod.

The SEM analysis demonstrated that the fillers increased the size of the cells and
decreased the number of closed cells (Figure 7C,D). This tendency has been previously
described; the density and mechanical properties of rigid polyurethane foams filled with
precipitated silica were decreased with increased filler loading due to cell damage [38].

3.4. Moisture Uptake of the Foams

Finally, the moisture uptake of both types of foams was measured. The addition of
pristine hemp protein to polyurethane foam increased the hydrophobicity insignificantly.
At the maximal tested amount (3 wt%) of the HP-filler, moisture uptake decreased by 18%
in comparison with reference. At the same time, the addition of the hydrophobized hemp
protein resulted in decreasing the moisture uptake by 80% in comparison with the reference.
The same tendency was observed for the epoxy foams filled with the HHP. Although
the non-filled epoxy foam was strongly hydrophobic, increasing the hydrophobized filler
amount resulted in decreasing the moisture uptake by 45%, showing the feasibility of the
hydrophobization of hemp protein (Table 3).
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Figure 7. Compressive strength values at 10% and 40% deformation (A) and Emod values (B) for
reference and epoxy foam filled with hydrophobized hemp protein (max. standard deviation 6.85%
and 7.54% for σ and Emod values, respectively); SEM images of the reference (C) and filled (1 wt% of
HHP) epoxy foam (D) under 200× magnification.

Table 3. Moisture uptake for reference and filled PU and epoxy foams.

Sample Moisture Uptake,% Sample Moisture
Uptake,% Sample Moisture Uptake,%

PU_Ref 5.06 ± 0.21 Epoxy_Ref 1.23 ± 0.27

PU_HP_0.25% 4.99 ± 0.19 PU_HHP_0.25% 4.04 ± 0.50 Epoxy_HHP_0.25% 1.10 ± 0.58

PU_HP_0.5% 4.97 ± 0.19 PU_HHP_0.5% 3.20 ± 0.44 Epoxy_HHP_0.5% 0.95 ± 0.19

PU_HP_1% 4.91 ± 0.21 PU_HHP_1% 2.81 ± 0.34 Epoxy_HHP_1% 0.90 ± 0.42

PU_HP_1.5% 4.90 ± 0.14 PU_HHP_1.5% 2.12 ± 0.31 Epoxy_HHP_1.5% 0.85 ± 0.30

PU_HP_2% 4.84 ± 0.23 PU_HHP_2% 1.86 ± 0.60 Epoxy_HHP_2% 0.82 ± 0.50

PU_HP_2.5% 4.23 ± 0.16 PU_HHP_2.5% 1.28 ± 0.38 Epoxy_HHP_2.5% 0.79 ± 0.23

PU_HP_3% 4.18 ± 0.30 PU_HHP_3% 1.04 ± 0.29 Epoxy_HHP_3% 0.68 ± 0.14

4. Conclusions

Hydrophobized hemp protein was successfully obtained through a laccase-mediated
modification process. To the best of our knowledge, HHP was used for the first time as
a filler for PU and EP foams. The introduction of HHP into the formulation of either
PU or EP foams resulted in decreasing the foams’ density, which is an advantage for the
application of such materials in lightweight construction and thermal insulation areas. For
the PU foams, the inclusion of HPP in their formulation increased the Emod, potentially
reducing the deformation of the composite. In the case of EP foams, HPP reduced the
compressive strength and the Emod. Incorporation of the HPP as filler led to a decrease in
the number of open cells in PU foams. As a result, an increase in the Emod of PU foams
was observed. For EP foams, the introduction of HHP filler reduced the number of closed
cells, which led to a decrease in Emod; from another point of view, such foams could be
suitable for better sound absorption. Furthermore, both foams presented reduced moisture
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uptake when filled with modified biomass, demonstrating the effective hydrophobization
of the composites. Finally, differences in the influence of the hydrophobized hemp protein
on the morphology and, as result, mechanical properties of open- and closed-cell foams
pose new questions and challenges. Such different tendencies with increasing (for PU
foams) and decreasing (for EP foams) amounts of closed cells and increasing cell size with
the addition of filler, as well as significant changes in density and mechanical properties,
especially Emod values, requires further research, which is already planned by the authors:
(i) synthesis and investigation of nanoparticles of HHP; (ii) investigation of dispersing
methods for selection of the method most suitable for agglomerate-free nano-composite
foam preparation; (iii) investigation of the influence of bio-based nano-fillers on the density
and mechanical properties of composite foams.
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Abstract: In the current era, the treatment of collagen hydrogels with natural phenolics for the
improvement in physicochemical properties has been the subject of considerable attention. The
present research aimed to fabricate collagen hydrogels cross-linked with gallic acid (GA) and ellagic
acid (EA) at different concentrations depending on the collagen dry weight. The structural, enzymatic,
thermal, morphological, and physical properties of the native collagen hydrogels were compared
with those of the GA/EA cross-linked hydrogels. XRD and FTIR spectroscopic analyses confirmed
the structural stability and reliability of the collagen after treatment with either GA or EA. The
cross-linking also significantly contributed to the improvement in the storage modulus, of 435 Pa
for 100% GA cross-linked hydrogels. The thermal stability was improved, as the highest residual
weight of 43.8% was obtained for the hydrogels cross-linked with 50% GA in comparison with all
the other hydrogels. The hydrogels immersed in 30%, 50%, and 100% concentrations of GA also
showed improved swelling behavior and porosity, and the highest resistance to type 1 collagenase
(76.56%), was obtained for 50% GA cross-linked collagen hydrogels. Moreover, GA 100% and EA
100% obtained the highest denaturation temperatures (Td) of 74.96 ◦C and 75.78 ◦C, respectively. In
addition, SEM analysis was also carried out to check the surface morphology of the pristine collagen
hydrogels and the cross-linked collagen hydrogels. The result showed that the hydrogels cross-linked
with GA/EA were denser and more compact. However, the improved physicochemical properties
were probably due to the formation of hydrogen bonds between the phenolic hydroxyl groups of GA
and EA and the nitrogen atoms of the collagen backbone. The presence of inter- and intramolecular
cross-links between collagen and GA or EA components and an increased density of intermolecular
bonds suggest potential hydrogen bonding or hydrophobic interactions. Overall, the present study
paves the way for further investigations in the field by providing valuable insights into the GA/EA
interaction with collagen molecules.

Keywords: collagen; gallic acid; ellagic acid; hydrogels; storage modules

1. Introduction

In the present era, hydrogels are an attractive class of materials. Hydrogels have
been known for several years as appealing scaffolds because have they highly expanded
and interconnected structural networks, which give them the ability to encapsulate the
bioactive compounds and effectively transfer mass [1]. Recently, more and more researchers
have paid attention to natural polymer hydrogels due to their high safety level, low im-
munogenicity, good biocompatibility, biodegradability, hydrophilic nature, and abundant
availability [1–3], including proteins. Collagen is abundantly found in human tissues and
is particularly abundant in load-bearing structural systems such as bones, skin, lungs, and
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tendons. In addition, collagen can also improve cellular adherence and promote extracellu-
lar matrix production in proliferating cells [4]. Furthermore, collagen molecules have many
reactive groups that can be used to modify the collagen [5] and also function in numerous
organic natural body functions such as tissue regeneration, healing, control of tissue-related
diseases, cellular response, and structuring [6]. In addition, collagen suffers from the
limitations of relatively weak mechanical properties, chemical stability, and resistance to
enzymatic degradation [5], although it is widely used as an ingredient to improve the
consistency, elasticity, and stability of food products.

Plant-based phenolic composites are considered to be the most vital bioactive compos-
ites. These compounds contain a number of hydroxyl groups and have diverse biological
functions such as structural support, pigmentation, chemical defense, and radiation pre-
vention [7,8]. Gallic acid (GA) is also a phenolic compound of plant origin and is known
as (3,4,5-trihydroxybenzoic acid). Moreover, GA has been shown to have a variety of
properties in biomedical studies, including anti-allergic, anti-fungal, anti-inflammatory,
anti-cancer, anti-viral, anti-mutagenic, and anti-carcinogenic properties [7,9,10]. In addition,
from a medical point of view, gallic acid plays an important role in the protective mech-
anism against reactive oxygen species and free radicals. It breaks the free radical chains
through hydroxyl groups [6,11]. Furthermore, GA was reported by Thanyacharoen et al. to
be a bioactive and stable agent in chitosan/PVA-based hydrogels [12]. It was also reported
by Jiang et al. [13] that GA can increase the release efficiency of chitin-based hydrogels.

Alternatively, ellagic acid (EA), a representative of flavonoids found in a variety of
fruits such as pomegranate, pecans, and berries, has received extensive attention due
to its numerous antioxidant, cytotoxic, radical-scavenging, anti-viral, anti-inflammatory,
anti-carcinogenic, and anti-apoptotic properties [14,15]. Ellagic acid is a dilactone of
hexahydrooxydiphenic acid. It is usually produced by plants through the hydrolysis of
tannins such as ellagitannins [16]. It contains four hydroxyl groups and these hydroxyl
groups can increase the antioxidative action of lipid peroxidation to protect the cell from
oxidative destruction [14]. Therefore, EA has hydrophilic characteristics due to its structural
appearance, which includes a planar biphenyl, and a lipophilic component connected by
two lactone rings, and four hydroxyl groups. These hydroxyl groups combine with the
lactone groups to form a hydrophilic unit [17]. The hydrophilic region of the EA molecule
plays an important role in its biological activity. Notably, this is due to the presence of both
hydrogen-bonding acceptor (lactone) and donor (-OH) sites. In particular, the phenolic
hydroxyl groups in EA can be separated under physiological conditions [18,19]. In addition,
it has been reported by Huang et al. that EA can cross-link with PEG-based hydrogels and
reduce the viability of human oral cancer cells [20].

The primary purpose of this study was to prepare collagen hydrogels with improved
physicochemical properties via the cross-linking of natural phenolic compounds. Gallic
acid or ellagic acid were added as potential cross-linkers. In particular, the influences of
phenolic compounds on the physicochemical properties, such as the thermal, structural,
enzymatic, and morphological properties of collagen-based hydrogels, were examined. In
previous studies, gallic acid and ellagic acid have never been prepared in collagen-based
hydrogels and compared to each other. In addition, XRD, FTIR, water retention, enzyme
degradation, porosity, and swelling ratio were investigated. Finally, the SEM examination
of the cross-linked hydrogels was also carried out. This study could contribute to providing
a new vision in the biomaterials or biomedical industries based on the cross-linking of
collagen hydrogels with natural phenolic compounds such as gallic acid or ellagic acid.

2. Material and Methods
2.1. Materials

Collagen extraction was performed using fresh grass carp (Ctenopharyngodon idella)
obtained from a local slaughterhouse. Following the procedure described by Zhu et al. [21],
the extraction method used was a combination of acid and pepsin extraction. The pepsin
enzyme used in the extraction process was purchased from Bio-Sharp Company. Gallic
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acid and ellagic acid used in the study were purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd., Shanghai, China. Lyophilized type I collagenase isolated from
Clostridium histolyticum (freeze-dried powder, ≥125 CDU/mg solid) was purchased from
Sigma, St. Louis, MO, USA. All other reagents used in the experiments were of high
analytical grade.

2.2. Production of Collagen

Using a modified approach, collagen was isolated from the skin of freshly bought grass
carp (Ctenopharyngodon idella) at 4 ◦C [21]. To summarize, the skin was washed, sliced into
small pieces, and soaked for 72 h in 0.01 M NaOH (1:20, w/v). To remove non-collagenous
constituents, the solution was changed after every 8 h. The skin pieces were then immersed
in 10% (w/w) isopropanol for 24 h to remove fat, and then neutralized with double-distilled
water. Based on the dry weight of the skin, the pieces were combined with 0.5 M acetic
acid (1:50, w/v) and 2% pepsin (1:3000; Sigma, USA). The mixture was stirred at 4 ◦C for
2 days. To separate the pepsin-soluble collagen solution, it was filtered and centrifuged
(10,000 rpm, 10 min). For purification, 1.5 M (NH4)2SO4 was added overnight, followed by
0.5 M acetic acid. The resulting purified collagen was resolubilized in 0.5 M acetic acid and
then dialyzed with 0.04 M disodium dihydrogen pyrophosphate solution for 2 days, 0.02 M
disodium dihydrogen pyrophosphate solution for 3 days, and finally with double-distilled
water for 2 days. The collagen solution was lyophilized and kept in a dark and dry place
for future studies. This ensured the high quality of the collagen from the grass carp skin.

2.3. Fabrication of Cross-Linked Collagen Hydrogels

Pure collagen hydrogels were prepared in accordance with the method of Zhu et al. [21],
with slight modifications as illustrated in Figure 1. Freeze-dried collagen was reconstituted
by dissolving the collagen in 0.5 M acetic acid. The ratio was (10 mg:1 mL) 10 parts of
collagen to 1 part acetic acid, and the process was performed at 4 ◦C. The solution of
collagen and acetic acid was subjected to gentle stirring until the complete dissolution of
the collagen was achieved. The pH of the collagen solution was adjusted to a neutral range
between pH 7.0 and 7.5 and it was adjusted using either 2 M NaOH or 2 M acetic acid
with continuous monitoring and necessary adjustments to ensure the desired pH. Next,
5 mL of the neutralized collagen solution was added to individual 24-well plates. These
plates were then incubated at 37 ◦C for 4 h. This incubation time allowed the collagen to
modify as a gel. The hydrogels were stored at 4 ◦C overnight after the initial incubation.
Further gelation and overall stabilization of the collagen hydrogels were promoted by this
additional step.
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For the preparation of cross-linked collagen hydrogels, GA and EA were dissolved
individually in tri-distilled water at different concentrations (0%, 1%, 5%, 10%, 30%, 50%,
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100%, and 200% w/w based on the dry weight of the collagen hydrogels) at a pH range
of 4.5–5.5. The solutions containing GA and EA were gently shaken at room temperature
for approximately 30 min. The collagen hydrogels were then immersed in these prepared
solutions. The immersion was performed at room temperature, approximately 25 ◦C, for a
period of 4 h. The cross-linked collagen hydrogels were carefully washed with distilled
water to remove any unbound GA and EA after the 4 h immersion. Finally, the gels were
stored at 4 ◦C for further processing.

2.4. Collagen Hydrogel Characterization
2.4.1. Dehydration of Hydrogels

Prior to lyophilization, all hydrogels were placed at −80 ◦C for complete freezing.
Dehydration of the frozen hydrogels was performed in a lyophilizer for a minimum of
24 h to remove all the moisture. Lyophilized hydrogels were subjected to thermogravi-
metric curve, DSC, SEM, porosity, water-holding capacity, swelling behavior, FTIR, and
XRD characterization to verify the water-holding capacity of the network in the structure
after lyophilization.

2.4.2. Determination of Porosity

The determination of the porosity of the hydrogel was in accordance with Zhu et al. [21].
First, a 25 mL beaker was filled with ethanol, and its weight was m1. The lyophilized
sample (m0) was then immersed into the beaker, which was then ultrasonically degassed
to permeate the hydrogel with ethanol, and the total weight was calculated as m2. The
ethanol was then carefully scraped from the hydrogel’s surface, and the weight of the left
half was measured as m3. Following that, the hydrogel’s porosity was then estimated using
the following formula:

Porosity (%) = (m2 − m0 − m3)/(m1 − m3) × 100 (1)

2.4.3. Swelling Ratio and Water-Holding Capability

The swelling ratio was quantified according to Zhu et al. [21] at 25 ◦C by soaking the
weighed (W0) freeze-dried cylindrical specimens in phosphate-buffered saline (0.1 M PBS,
pH 7.4). After soaking for 1, 3, 5, 8, 12, 20, 50, and 90 min, the swollen hydrogels were
removed. After the removal of excess water, the hydrogels were immediately weighed (Wt).
The following formula can be used to calculate the swelling ratio (SR):

SR = (Wt − W0)/W0 (2)

The following method was used to determine the water-holding capacity (WHC).
Briefly, the freshly prepared samples (equilibrium swollen hydrogel in water) were first
weighed after the water had been wiped off from the surface with filter paper (Wswollen).
Subsequently, the samples were then lyophilized and weighed as Wlyophilized. The following
formula can be used to calculate the percentage of WHC:

WHC (%) = (Wswollen − Wlyophilized)/Wswollen × 100 (3)

2.4.4. Thermogravimetric Analysis (TGA) of Collagen Hydrogels

Thermogravimetric (TG) curves of collagen hydrogels were obtained using a TGA-2050
instrument (Mettler-Toledo). The instrument was operated under a nitrogen atmosphere
and heated between 30–550 ◦C at a heating rate of 10 ◦C/min. The rehydrated hydrogels
were used for the TGA test with a sample size of approximately 5 mg.

2.4.5. Thermal Transition Analysis of Collagen Hydrogels

The thermal transition temperature of the collagen hydrogels was studied using
differential scanning calorimetry (DSC) (DSC 200PC, Netzsch, Germany. The specimens
(5 mg) were precisely weighed and placed in sealed aluminum dishes. At a heating rate
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of 5 ◦C/min over a temperature range of 25–110 ◦C, the aluminum pans were scanned
under a nitrogen atmosphere. The empty, sealed aluminum pan, which was sealed, was
used as the reference point. The temperature of the endothermic peak was reported as the
temperature of denaturation (Td).

2.4.6. Analysis by X-Ray Diffraction (XRD)

The X-ray diffraction structures of the collagen hydrogels were analyzed using CuKa
radiation from a rotating anode generator operated at 40 kV and 40 mA in the 2θ range
(4–60 ◦C) with a mono-single filter at a scan rate of 10 ◦C min−1 (D8 Advance,
Bruker, Germany).

2.4.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

On a germanium, single crystal FTIR spectrophotometer, the infrared spectra of all
lyophilized gel powders were obtained from tablets containing (0.8–1 mg) collagen hydrogel
in approximately 100 mg potassium bromide (KBr). All freeze-dried gel powders’ IR spectra
were obtained from tablets containing (0.8–1 mg) collagen hydrogel in 100 mg potassium
bromide (KBr). The tablets were placed on the single-reflection germanium crystal cell
using an FTIR spectrophotometer. Signals from 4000 to 400 cm−1 were acquired for 64 scans
at a data acquisition rate of 4 cm−1 per point and compared to a background spectrum
collected from a clean, empty cell.

2.4.8. Measurements of Dynamic Rheology

The hydrogels (diameter = 20 mm, thickness = 5 mm) prepared from self-assembled
neutral collagen solutions (10 mg/mL) and incubated for 2 h were subjected to a dynamic
time sweep for 60 min (37 ◦C) at the different frequencies (1–10 Hz) to monitor the gelling
behavior. Furthermore, the dynamic temperature was also set at 37 ◦C. During the test,
a rheometer (AR2000ex, TA, Woodland, CA, USA), with a parallel stainless-steel plate
(diameter = 40 mm, gap = 1 mm) was used to determine the storage and loss modulus
values. The frequency sweep was adjusted to 0.01–10 Hz. A deformation of 2% was selected
for all samples. The temperature was controlled by using a Peltier temperature controller.
A solvent trap was used to prevent water loss from the samples during the measurement.
The value of the tangent δ (tan δ) was also calculated as the G′′/G′ ratio, which reflects the
thermal energy loss.

2.4.9. Enzymatic Analysis of Stability

The in vitro enzymatic degradation of collagen-based hydrogels was carried out with
the use of type I collagenase that was derived from Clostridium. Lyophilized hydrogels
were first swollen by immersion in phosphate-buffered saline (PBS) at a pH of 7.0 until
complete swelling was achieved. Each hydrogel was then placed in 1 mL enzyme hy-
drolysate containing type I collagenase (200U, Sigma) and 0.01 M CaCl2 and incubated
at 37 ◦C for 24 h. 0.2 mL of 0.25 M EDTA was added to the hydrogel mixture followed
by cooling in an ice bath to complete the degradation process. The mixture was then
centrifuged at 5000× g for 10 min at 4 ◦C. A quantity of 2 mL of the resulting supernatant
was collected. Quantities of 1 mL of chloramine T and perchloric acid were added to the
supernatant. Each was allowed to stand for 20 min and 5 min, respectively. Then, 1 mL of
paradimethylaminobenzaldehyde (DMAB) was added. The mixture was incubated in a
water bath at 60 ◦C for 20 min. Ultraviolet spectroscopy at 560 nm was used to quantify the
hydroxyproline content. The conversion coefficient between collagen and hydroxyproline
in aquatic animals was calculated to assess the degree of hydrogel biodegradation. Specif-
ically, in the absence of GA or EA, the percentage of hydroxyproline released from the
collagen-based hydrogel was compared to that of fully degraded collagen. For reference
purposes, untreated collagen was used as a control.
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2.4.10. Scanning Electron Microscopy (SEM)

Collagen hydrogels cross-linked with GA or EA for morphological characterization
were prepared as described by Liu et al. [22] with slight modifications. Briefly, freshly
prepared hydrogels were cut into fragments (~2 × 2 mm) and then immersed in 2.5%
glutaraldehyde in 0.2 M phosphate (pH 7.2) overnight and dehydrated in graded ethanol
solution with a series of concentrations (30%, 50%, 70%, 80%, 95%, and 100%). Subsequently,
the samples were then treated with isoamyl acetate for a period of 15 min. The hydrogels
were then freeze-dried with the use of a lyophilizer. After that, the hydrogels were coated
with a layer of gold. An ultrahigh-resolution field emission scanning electron microscope
was used to observe the microstructure, and SEM images were observed using a JSM-5610
SEM (JEOL, Tokyo, Japan), with 20 kV acceleration voltage. The magnification was 3 K,
8 K, and 15 K times.

2.4.11. Statistical Evaluation

Prism and Origin software versions 8.5 (SAS Institute Inc., Cary, NC, USA) were used
for data analysis. To detect statistically significant differences, Duncan’s multiple range
test was performed. The level of significance was fixed at p < 0.05. By finding significant
differences across experimental groups, this statistical technique provides compelling
evidence for the reported results.

3. Results and Discussion
3.1. Porosity Measurements

The porosity, an important factor for collagen hydrogels, is illustrated in Figure 2A.
In general, higher porosities have been studied, particularly for collagen-based hydrogels.
These were thought to be valuable for supporting nutrition and cell metabolism during cell
proliferation and adhesion in tissues [23]. The control hydrogels exhibited a lower porosity
level of ~87.51%, and a similar tendency was observed in GA 1%, EA 1%, GA 200%, and
EA 100% (~88.96%, 88.21%, 89.83%, and 89.51%, respectively). Notably a concentration-
dependent pattern was developed in the porosity of the collagen cross-linked hydrogel,
which increased with the increasing concentrations of GA but decreased with the GA
200%, which might be due to the higher concentration of GA. Conversely, the porosity
of EA cross-linked hydrogels presented an increase with increasing EA concentrations
up to 30%, followed by a decrease with higher EA concentrations. GA 50% exhibited the
highest porosity (98.24%) among all hydrogels containing GA and EA at all concentrations.
Gallic acid exhibited significantly superior porosity than ellagic acid in the cross-linking
of collagen hydrogels according to the findings of the present study. The distinction in
porosity can be attributed to the differences in chemical structures and the capacity of GA
and EA to bind with collagen. At higher concentrations, the porosity of GA/EA cross-linked
hydrogels decreased as GA and EA bound to collagen through hydrogen and hydroxyl
bonds [24]. In particular, higher concentrations of phenolic acid appeared to disrupt the
self-assembly of collagen, resulting in heterogeneous pore topologies with lower porosity
at 200% of GA and 50%, 100%, and 200% of EA. Remarkably, the porosity of collagen
hydrogels cross-linked with GA/EA demonstrated dynamic behavior. It was characterized
by an initial increase followed by a subsequent reduction in the porosity. The initial porosity
rise can be attributed to the introduction of cross-linking agents into the hydrogels [25].
GA or EA facilitated the formation of interconnected pores within the hydrogel matrix.
The subsequent reduction in porosity with an increasing concentration of GA/EA cross-
linked hydrogels decreased because of matrix enhancement, potentially driven by stronger
intermolecular interactions and structural rearrangements within the hydrogel network.
Prior studies have also reported that higher porosity is correlated with improved cell
viability, tissue formation, wound healing, cell proliferation, and cell permeation [21,25].
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3.2. Water-Holding Capability

Numerous critical elements have contributed to the observed phenomenon in the
context of water-holding capacity. Hence, immersion of GA and EA within the collagen
matrix boosted the hydrogel’s hydrophilicity, aggregating both water in absorption and
water retention [26,27]. Furthermore, the water-holding capacity (WHC) of GA/EA cross-
linked hydrogels presented concentration-dependent descriptions, as shown in Figure 2B.
There was an increase in WHC at lower concentrations of GA or EA cross-linked hydrogels.
A number of assorted factors support these phenomena. Furthermore, the immersion of GA
and EA inside the hydrogel structure may have provided additional water molecule binding
sites, contributing to an increase in WHC in cross-linked collagen hydrogels [28]. However,
when the concentration of GA/EA in cross-linked hydrogels exceeded a predefined limit,
WHC decreased. The reduction was due to the increasing density and compactness of the
hydrogel matrix at higher cross-linking concentrations. Increased concentrations of GA
or EA result in an extraordinary production of binding sites within the collagen network,
resulting in a denser matrix that inhibits water entry and retention. When the WHC of GA
and EA hydrogels at equal concentrations was compared, it was clear that GA hydrogels
had better WHC compared to EA. The difference can be attributed to the different chemical
structures and cross-linking abilities of GA and EA. Gallic acid has a higher tendency
for water molecule binding and a more dynamic interaction with collagen, resulting in
increased water absorption and retention [29]. On the other hand, the WHC of collagen
hydrogels cross-linked with EA increased with increasing EA content up to a concentration
of 30%. Then, the WHC gradually decreased. Moreover, the highest WHC was found in
collagen hydrogels cross-linked with GA, especially at a 50% GA concentration (89.07%),
whereas the lowest WHC was found in collagen hydrogels cross-linked with EA at a
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200% EA concentration (64.92%). These results highlight the significant influence of GA
and EA cross-linking on WHC, which may have implications for a variety of biomaterial
applications. However, Lin et al. [30] conducted research that also supported the idea that
improved WHC in cross-linked collagen hydrogels is beneficial for biomedical engineering
in biomaterials.

3.3. Swelling Property

The swelling property is also known as a vital property of hydrogels and is usually
related to the moisture transfer across the hydrogels or the retention of moisture within the
system from the environment. The swelling ratio (SR) was primarily affected by external
solution variables such as charge number and ionic strength, as well as polymer features
such as network flexibility, the presence of hydrophilic functional groups, and the degree
of cross-linking density [31]. The effects of cross-linking on the swelling properties of
GA/EA cross-linked hydrogels are shown inFigure 2C,D. The swelling ratio in the neutral
solution (native collagen) was lower than that in the acidic solution (GA/EA cross-linked
hydrogels). All hydrogels presented swelling within the first 20 min after immersion in the
solution. The swelling ratio improved marginally from 8 to 50 min, then remained nearly
constant from 50 to 90 min, indicating that the swelling equilibrium had been reached. The
GA/EA addition enhanced the swelling ratio of GA/EA cross-linked collagen hydrogels.
Hydrogels quickly absorb aqueous solutions in acidic circumstances, and the hydroxyl and
amino groups in the hydrogels become highly protonated [32]. However, the immersion
of EA promoted the swelling ratio when the EA was less than 100% based on the dry
weight of collagen. The formation of hydrogen bonds between the phenolic hydroxyl
groups of GA and EA and the nitrogen atoms of the collagen backbone is most likely
responsible for the enhanced swelling ratio. On the other hand, the swelling ratio of EA
cross-linked hydrogels with higher EA concentrations (100% and 200%) was lower than
that of pure collagen hydrogel. However, this was due to the significant self-polymerization
of EA, which inhibits the extension of collagen fibrils in PBS solution to achieve a reduced
swelling ratio [33,34]. However, the swelling ratio was remarkably increased (about 3–15%
(p < 0.05)) with the rise of GA/EA concentrations and time duration during the period
from 1 to 50 min and then remained constant from 50 min to 90 min. The molecular chain
was stretched with charge repulsion and the capacity for swelling increased. Collagen
hydrogels are sensitive to pH, indicating that ionic groups in hydrogels play an important
role in absorbing water in the gel, as stated by Wang et al. [32]. This effect suggested that
the GA/EA cross-linked hydrogels were suitable for application in acidic environments,
where they could make good use of their absorptive property.

3.4. Thermogravimetric Analysis (TGA) of Collagen Hydrogels

Figure 3A,B, and Table 1 depict the thermal stability analysis of collagen hydrogels
cross-linked with GA and EA. The thermal degradation characteristics of the hydrogels
exhibited variability contingent upon the origin and concentration of phenolic compounds
within GA or EA. The quantity of hydroxyl groups present in phenolic compounds is
known to exert a substantial influence on the interaction between proteins and phenolic
compounds [35,36]. The presence of carboxylic and hydroxyl groups in phenolic com-
pounds could result in intra- and intermolecular interactions such as hydrogen, ionic,
covalent, and non-covalent bonds, which change the chemical connotation of proteins and
phenolic chemicals [35,37]. The interactions contributed to the improvement in thermal
stability. In the thermogravimetric (TG) analysis, weight loss was observed in the initial
stage (∆w1 = 6.5%, 99.8 ◦C) for all hydrogel samples. The weight loss during the specific
temperature range was attributed to the release of two types of water states, namely, free
and bound water, absorbed by the hydrogels [38]. Furthermore, the hydrogels treated with
GA/EA lost less weight than the control group, implying that the presence of GA/EA
reduced the water content of the collagen hydrogels due to the greater hydrophobicity of
the phenolic compounds.
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Figure 3. (A) TGA curves of GA cross-linked collagen hydrogels. (B) TGA curves of EA cross-linked
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Table 1. Thermal degradation temperature (Td, ◦C) and weight loss (∆w, %) of collagen hydrogels
immersed with GA and EA with different concentrations according to the dry weight of collagen. ∆1,
∆2, ∆3, and ∆4 represent the first, second, third, and fourth stages of weight loss of hydrogels during
the heating scan, respectively.

Samples (w/w of Protein)
∆1 ∆2 ∆3 ∆4

Residue (%)
Td1 ∆w1 Td2 ∆w2 Td3 ∆w3 Td4 ∆w4

GA

Control 96.4 10.1 228.3 3.0 366.7 47.6 489.3 11.1 28.2
5% 85.3 10.8 247.3 5.1 392.6 43.1 539.6 11.3 28.7

10% 87.6 7.5 257.9 6.2 397.4 37.7 538.2 16.1 32.5
30% 91.1 9.4 252.2 5.9 397.7 25.7 540.4 18.5 40.5
50% 99.8 7.2 253.5 5.7 388.5 35.2 541.2 8.1 43.8

100% 99.8 6.5 246.5 5.3 400.1 51.7 543.5 19.1 17.4

EA

5% 99.3 11.5 255.1 4.7 380.8 45.6 540.3 14.3 23.9
10% 91.4 6.5 251.3 5.3 406.1 50.4 540.1 10.7 27.1
30% 77.5 11 234.1 2.6 415.8 40.2 541.3 7.1 39.1
50% 89.7 7.3 232.5 3.3 330.1 27.9 539.8 18.6 42.9

100% 84.3 7.9 256.1 9.7 405.4 52.4 540.6 13.9 16.1

The second stage of weight loss was observed in all hydrogels at a temperature range
of 228.3–257.9 ◦C, with a weight loss percentage (∆w2) ranging from 2.6% to 9.7%. The
weight loss at the second stage was typically associated with the release of structurally
bound water and low molecular weight proteins, specifically collagen [38]. In conclusion,
the thermal stability analysis reveals that the thermal degradation behavior of collagen
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hydrogels was influenced by the presence of phenolic compounds from GA/EA cross-
linking. The interactions between proteins and phenolic compounds, driven by the hy-
droxyl and carboxylic groups, contributed to the increased thermal stability observed in
the GA/EA cross-linked collagen hydrogels. The weight loss observed during TG analysis
corresponds to the release of water states and low molecular weight proteins present in the
collagen hydrogels [39]. The observed temperature range in the second stage of weight loss
was found to be higher than the decomposition temperature of phenolic compounds [40].
The present study suggested that the cross-linking between collagen and GA/EA in the
hydrogels occurs through hydrogen bonding. The lower weight loss (∆w2) observed in the
GA/EA-treated collagen hydrogels compared to the control further supports the strong
cross-linking between the protein (collagen) and phenolic compounds (GA/EA) via hydro-
gen or covalent bonds [37]. The decomposition temperatures (Td1 and Td2) of collagen
protein-based hydrogels containing GA and EA were reduced compared to those of the
control. On the other hand, the decomposition temperature changed with the different
concentrations of GA/EA. The results indicated that hydrogels immersed in GA or EA
solutions exhibited higher heat resistance than those of the control group.

During the third stage, which was characterized by ∆w3 ranging from 25.7% to 52.4%
and Td3 between 330.1 ◦C and 415.8 ◦C, the weight loss was attributed to the degradation
of larger cross-linked proteins within the collagen hydrogels. Additionally, a fourth stage of
weight loss (∆w4 = 7.1–19.1%) was observed in the temperature range of 489.3 ◦C to 541.3 ◦C.
The weight loss was predominantly associated with the degradation of high-temperature
stable components. The immersion of collagen hydrogels in GA or EA solutions at different
concentrations significantly influenced the thermal stability of the hydrogels (p < 0.05),
primarily through strong interactions between the proteins and phenolic compounds, and
particularly through covalent cross-linking [37]. Notably, hydrogels immersed in 30% and
50% GA/EA concentrations, based on the dry weight of collagen, exhibited enhanced
thermal stability as compared to all other hydrogels.

3.5. Differential Scanning Calorimetry (DSC) Measurements

DSC measurements of GA/EA cross-linked hydrogels are presented in Figure 3C,D.
The collagen hydrogels immersed in GA or EA phenolic acids showed an improved Td
value compared to the original hydrogels, as described in Table 2. When the collagen-based
hydrogels were heated, the helix–coil conversion took place, and, as a result, the helix disap-
peared and was progressively separated into three randomly coiled peptide α-chains [41].
Typically, the thermal transformation of collagen has been proposed to be the collapse of the
triple helical structure of collagen into random coils, with Td being the major endothermic
peak [21,41]. The process of triple helical structure modification of GA/EA cross-linked
collagen hydrogels was represented by a typical endothermic peak in the range of 56.78 ◦C
to 75.78 ◦C. It has been found that when the structural integrity of collagen is improved,
the endothermic peak is shifted to a lower temperature, resulting in a significantly lower
Td than that of collagen with structural integrity [4,21,42]. The denaturation temperature
(Td) increased to approximately 19 ◦C with the increasing concentration of GA or EA from
1 to 100% according to the dry weight of collagen. Moreover, GA 100% and EA 100%
obtained the highest denaturation temperatures (Td) of 74.96 ◦C and 75.78 ◦C, respectively.
However, the higher denaturation temperature (Td) observed in hydrogels cross-linked
with GA or EA as compared to that of native collagen could be attributed to numerous
factors. First, the presence of these cross-linking agents increases the thermal stability of
the collagen hydrogels, as evidenced by the increase in Td with increasing concentrations
of GA or EA. A possible explanation for the increase in thermal stability may be an increase
in the accessibility of active sites in the collagen molecules [29]. The presence of GA or
EA might be facilitated by the collagen interaction with cross-linkers, and the bonding
between collagen and GA/EA could increase the resistance of the network to thermal
denaturation and contribute to a more stable network structure [43]. The hydrophobic
interfaces, mainly maintained by glycine residues and H-bonds formed between GA or EA
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depositions, play an important role in the stabilization of collagen molecules. In addition,
the other possible reason could be that the GA/EA reactive sites could react with the amino
group (NH2) of the collagen side chains [44]. In short, it was also noted that the thermal
transition temperature represents the energy required for the destruction of the amide
bonds, hydrogen bonds, and van der Waals forces that maintain the collagen triple helical
structure. It should be noted that the increase in denaturation temperature is promising for
maintaining the structural reliability of collagen, which is fundamental for the assembly of
collagen-based hydrogels. Indeed, the increased hydrophobicity of GA or EA molecules,
as well as their ability to form peptide bonds, can be important in their incorporation into
certain regions of collagen fibrils [43]. This inclusion helps to stabilize the collagen scaffold
structure. Because GA and EA are hydrophobic, they can interact with hydrophobic areas
inside collagen fibrils. Hydrophobic interactions could happen between nonpolar areas of
GA or EA and specific amino acid residues within collagen molecules, including proline or
hydrophobic clusters. The interaction between hydrophobic binding improves GA or EA
affinity and binding to collagen [45].

Table 2. Thermal denaturation (Td, ◦C) of collagen hydrogels immersed with GA and EA with
different concentrations according to the dry weight of collagen.

Treatments Sample Thermal Denaturation Temperature (Td) ◦C

GA

Control 56.78
5% 63.35

10% 65.88
30% 68.93
50% 71.19
100% 74.96

EA

5% 62.15
10% 66.13
30% 67.84
50% 70.51

100% 75.78

3.6. Analysis by X-Ray Diffraction (XRD)

The structural stability of collagen molecules after modification with GA or EA was
evaluated using X-ray diffraction (XRD). Figure 4A,B presented the XRD spectra of GA/EA
cross-linked collagen hydrogels. The XRD spectra revealed a diffuse scattering pattern
with a small peak observed at about 8◦, indicating the presence of intermolecular packing
gaps between the molecular chains. An earlier study by Hu et al. [46], suggested that
the observation was compatible with the Schmitt model’s description of the assembly of
collagen molecules into fibrils [46]. Furthermore, a broader peak in the 20◦ to 25◦ range
was detected, corresponding to the widespread scattering of collagen fiber synthesis [45].
The peak pattern in the XRD spectra of the GA/EA cross-linked hydrogels was identical to
that of the control collagen hydrogels. The closeness implies that the collagen’s structural
reliability was intact after treatment with GA or EA solutions. According to the XRD exam-
ination, the cross-linking of collagen with GA or EA had no significant effect on the overall
structural properties of the collagen fibers. However, a previous study suggested that the
presence of GA or EA in collagen hydrogels represented the intermolecular binding sites
and that the assembly of collagen molecules into fibrils remained constant [47]. Therefore,
the findings supported the assumption that GA/EA cross-linking does not alter collagen’s
structural stability, making it an appropriate modification approach for retaining collagen’s
inherent structure for biological applications [46,48].

116



Polymers 2023, 15, 4647

Polymers 2023, 15, x FOR PEER REVIEW 12 of 20 
 

 

The peak pattern in the XRD spectra of the GA/EA cross-linked hydrogels was identical 
to that of the control collagen hydrogels. The closeness implies that the collagen’s struc-
tural reliability was intact after treatment with GA or EA solutions. According to the XRD 
examination, the cross-linking of collagen with GA or EA had no significant effect on the 
overall structural properties of the collagen fibers. However, a previous study suggested 
that the presence of GA or EA in collagen hydrogels represented the intermolecular bind-
ing sites and that the assembly of collagen molecules into fibrils remained constant [47]. 
Therefore, the findings supported the assumption that GA/EA cross-linking does not alter 
collagen’s structural stability, making it an appropriate modification approach for retain-
ing collagen’s inherent structure for biological applications [46,48]. 

 
Figure 4. (A). XRD curves of GA cross-linked and pristine hydrogels with different concentrations 
of gallic acid according to the dry weight of collagen. (B), XRD curves of EA cross-linked and pris-
tine hydrogels with different concentrations of ellagic acid according to the dry weight of collagen. 

3.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis 
Fourier transform infrared spectroscopy (FTIR) was used to describe the chemical 

structure of collagen and collagen GA or EA cross-linked hydrogels. Figure 5A,B explain 
the amide bands of collagen fibers with or without GA or EA cross-linking. The amide A 
band, observed in the wave number range of 3430–3470 cm−1, was a characteristic feature 
of collagen cross-linked hydrogels. The amide A band was associated with hydrogen 
bonding interactions and results from the unfolding vibration of N-H bonds. Moreover, it 
provided valuable evidence about the network of hydrogen bonds within the structure of 
collagen. In addition, another band was detected in the wave number range of 3230–3290 
cm−1, and was known as the amide B band. The asymmetric stretching of the CH2 groups 
within the collagen molecules was responsible for the amide B band. The conformational 
arrangement and structural properties of the collagen hydrogels can be determined from 
the presence and characteristics of the band. In addition, a band at 3140–3180 cm−1 was 
also observed in GA or EA cross-linked collagen fibers. However, the amide A and amide 
B bands vanished in pristine collagen hydrogels. In addition to the classic amide A and 
amide B bands, a novel peak in the wave number range of 1700–1730 cm−1 was identified 
in the spectra of collagen hydrogels cross-linked with GA or EA, but it was not present in 
the spectra of pristine collagen hydrogels. The unfolding vibrations of C=O (carbonyl) 
groups of chemical intermediates produced during GA or EA cross-linking are primarily 
responsible for this new peak. The emergence of the peak demonstrated that C=O groups 
participate in the cross-linking event, resulting in the production of more stable C-OH 
(hydroxyl) groups [45]. The unfolding vibrations of the C=O groups can provide insight 
into the structural changes and chemical modifications that occur within the collagen ma-
trix throughout the cross-linking process. The inclusion of GA or EA could be the reason 
for these changes and could increase the stability and structural integrity of collagen-
based hydrogels. Amides (A, B) promote consistency in the triple helical structure of col-
lagen [49]. Amide (I) was located between 1620-1700 cm−1 and consisted of three main 

Figure 4. (A) XRD curves of GA cross-linked and pristine hydrogels with different concentrations of
gallic acid according to the dry weight of collagen. (B) XRD curves of EA cross-linked and pristine
hydrogels with different concentrations of ellagic acid according to the dry weight of collagen.

3.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier transform infrared spectroscopy (FTIR) was used to describe the chemical
structure of collagen and collagen GA or EA cross-linked hydrogels. Figure 5A,B explain the
amide bands of collagen fibers with or without GA or EA cross-linking. The amide A band,
observed in the wave number range of 3430–3470 cm−1, was a characteristic feature of
collagen cross-linked hydrogels. The amide A band was associated with hydrogen bonding
interactions and results from the unfolding vibration of N-H bonds. Moreover, it provided
valuable evidence about the network of hydrogen bonds within the structure of collagen.
In addition, another band was detected in the wave number range of 3230–3290 cm−1, and
was known as the amide B band. The asymmetric stretching of the CH2 groups within the
collagen molecules was responsible for the amide B band. The conformational arrangement
and structural properties of the collagen hydrogels can be determined from the presence
and characteristics of the band. In addition, a band at 3140–3180 cm−1 was also observed
in GA or EA cross-linked collagen fibers. However, the amide A and amide B bands
vanished in pristine collagen hydrogels. In addition to the classic amide A and amide
B bands, a novel peak in the wave number range of 1700–1730 cm−1 was identified in
the spectra of collagen hydrogels cross-linked with GA or EA, but it was not present in
the spectra of pristine collagen hydrogels. The unfolding vibrations of C=O (carbonyl)
groups of chemical intermediates produced during GA or EA cross-linking are primarily
responsible for this new peak. The emergence of the peak demonstrated that C=O groups
participate in the cross-linking event, resulting in the production of more stable C-OH
(hydroxyl) groups [45]. The unfolding vibrations of the C=O groups can provide insight
into the structural changes and chemical modifications that occur within the collagen matrix
throughout the cross-linking process. The inclusion of GA or EA could be the reason for
these changes and could increase the stability and structural integrity of collagen-based
hydrogels. Amides (A, B) promote consistency in the triple helical structure of collagen [49].
Amide (I) was located between 1620–1700 cm−1 and consisted of three main components: a
band at 1650 cm−1 correlated with the α-helix/random coil confirmation, a band developed
at 1620–1640 cm−1 corresponding to the β-sheet conformation, and a band appearing at
1660–1670 cm−1 corresponding to the β-turn [48]. In general, amide (I) was associated with
the secondary structure of the protein and represents the trembling of amide carbonyls
along with the polypeptide backbone and the native triple helix, which were transformed
into C- and N- telopeptides in the collagen [49]. In addition, an amide (II) band of collagen
fibers was found between 1550–1570 cm−1 and attributed to CH2 bending vibration. The
C-N unfolding and N-H bending vibrations of the amidic bond, and the wiggle vibrations
of the glycine backbone and the CH2 group of the proline side chain, are responsible for
the complex amidic peaks [21]. On the other hand, FTIR shows strong binding as the
concentration of GA or EA increased from 1 to 200%, except for GA 1% and EA 100%
based on the dry weight of collagen, which might be due to the difference in their structure
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and binding ability at low and higher concentrations. The FTIR results indicated that
GA or EA cross-linking has a significant effect on the structural properties and could be
suitable for future experiments compared to the native collagen hydrogels, as the obtained
results showed that clearer (amide A, B) and amide (I, II, III) bands at 1410–1480 cm−1,
corresponding to the unfolding vibrations of CH2 and C=O, were altered in comparison to
the native collagen hydrogels [50].
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3.8. Dynamic Rheological Measurements

The storage modulus (G′) represents the elastic response of the hydrogels, and it was
an indication of the ability to store and recover energy upon deformation. Moreover, the
storage modulus (G′) also indicates the stiffness and rigidity of the hydrogel network.
In contrast, the loss modulus (G′′) reflects the viscous behavior and energy dissipation
within the gel. The loss modulus (G′′) was also known to measure the hydrogel’s ability
to flow and deform under applied stress. The relationship between G′ and G′′ aids in
the understanding of the dominant behavior, i.e., whether the hydrogel was more elastic
or more viscous. The loss factor, often expressed as the phase angle tangent (tan δ), was
calculated as the ratio of G′′ to G′. However, tangent (tan δ) provided valuable information
about the relative contribution of the elasticity and the viscosity within the hydrogel. On
the other hand, a low value of tan δ mostly indicates the elastic response where the storage
modulus leads toward the loss modulus. Conversely, a higher value of tan δ indicates
more viscous behavior; however, the loss modulus dominates. The frequency dependence
curves of storage modulus G′, loss modulus G′′, and tan δ of all COL-GA/EA hydrogels
are presented in Figure 6A–F. The results obtained in the present study demonstrated that
both the loss modulus (G′′) and the storage modulus (G′) exhibit an increasing trend with
increasing sweep frequencies up to 100% of GA or EA concentration based on the dry
weight of collagen. However, both moduli decreased at 200% of GA or EA concentration. It
was noteworthy that the storage modulus of elasticity (G′) was significantly higher than the
loss modulus of elasticity (G′) at a constant frequency. The results indicated an expansion
in the flexibility and a reduction in the mobility of the hydrogels after cross-linking with
GA or EA [51,52]. The loss tangent (tan δ), which was the ratio of G′′ to G′, serves as a
measure of the transition from liquid-like to solid-like behavior. A value of tan δ close
to 1 indicates a distinct elastomeric behavior [21]. In our study, all hydrogels exhibited
tan δ values less than 1, signifying a superiority of solid-like gel properties. Moreover,
tan δ showed a weak frequency dependence, suggesting the presence of stable gel-like
properties in the GA/EA cross-linked hydrogels. In addition, tan δ showed a similar trend
concerning the concentration of GA or EA, and was highest at a 100% concentration, and
then decreased to the lowest value at a concentration of 200%, based on the dry weight of
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collagen. These findings suggested that the hydrogels maintain inter- and intramolecular
cross-linked bonds between collagen and GA or EA components. There was evidence of
improvement in the density of intermolecular bonds in collagen, which could be due to
hydrogen bonding or hydrophobic interactions.
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concentrations on the dynamic viscoelasticity of GA/EA cross-linked and pure collagen hydrogels.
(A) Storage modulus of gallic acid (G′). (B) Loss modulus of gallic acid (G′′). (C) Loss factor of gallic
acid (tan δ) (D) Storage modulus of ellagic acid (G′). (E) Loss modulus of ellagic acid (G′′) (F) Loss
factor of ellagic acid (tan δ).

3.9. Enzymatic Degradation of Hydrogels

In the present study, the amount of hydroxyproline after enzymatic degradation
was used to evaluate the enzymatic inhibition ability of pristine hydrogels and GA/EA
cross-linked collagen hydrogels. Figure 7 shows the percentage residue after enzymatic
degradation of pristine and cross-linked hydrogels after immersion in collagenase solution
at 37 ◦C for 24 h. As the concentration of GA or EA in the collagen hydrogels was increased,
the percentage of the residual amount of collagen was also increased. In addition, pristine
hydrogels have significantly (p < 0.05) lower % residues as compared to GA/EA cross-
linked hydrogels. The findings indicated that the resistance to collagenase of GA or EA
cross-linked collagen hydrogels was significantly (p < 0.05) higher compared to that of
the native collagen hydrogels. On the other hand, hydrogels cross-linked with GA have
notably better resistance compared to EA, particularly at GA 30% to GA 100%; for example,
GA 5–100% achieved (28.25%, 42.09%, 56.20%, 62.41%, and 76.56%, respectively), and GA
200% achieved 30.50%. However, the EA percent (%) residue was enhanced from EA 5% to
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EA 30%, (9.08–47.66%), and then decreased with the increasing concentration of EA; for
example, EA 50% reached 34.98, EA 100% reached 32.66, and EA 200% reached 29.86 percent
residue. Furthermore, the results showed that the pristine collagen hydrogels have lower
resistance to the collagenase enzyme compared to cross-linked hydrogels. Additionally,
phenolic acid cross-linked hydrogels were primarily dependent on the formation of a
covalent bond between the polymer and the cross-linking agent, e.g., via the Michael or
Schiff reaction, and, as a result, such hydrogels had resistance to enzymatic degradation.
Moreover, according to Bam et al. [43] GA is a mixture of -OH and -COOH groups and
was described as a potential cross-linker by increasing collagen stability, as indicated by
greater resistance to collagenase activity. These functional groups can react with functional
groups found in collagen, such as the -NH2 and -OH groups. In general, the breaking of
covalent bonds between intermolecular interactions, such as the van der Waals force and
the hydrogen bond, requires more energy and has been associated with a lower degree
of degradation [29].
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3.10. Scanning Electron Microscopy (SEM)

The influence of GA or EA on the microstructure of collagen-based hydrogels was
studied using scanning electron microscopy (SEM). Figure 8A–G demonstrates the SEM
images and the surface areas of the hydrogels. SEM analysis revealed the presence of a
typical tough assembly in both collagen and collagen-cross-linked hydrogels, which was at-
tributed to the association of collagen molecules within the hydrogel matrix. In accordance
with the results of XRD, FTIR, and physicochemical parameter analysis, the microstructure
of the hydrogels showed changes depending on the presence of GA or EA and the concen-
tration used. It was observed that hydrogels with a relatively rougher surface, showing
an accumulation of material on the surface, were obtained at higher concentrations of GA
or EA. As reported in previous studies [49,53], the increased irregularity of the hydrogel
surface can be attributed to enhanced covalent and non-covalent interactions between
collagen proteins and phenolic compounds [43]. The use of GA or EA to cross-link collagen
molecules provides additional bonding opportunities, both between collagen molecules
and within individual collagen molecules [33]. As a result, the structural properties of the
hydrogel are densified and compacted. The modification in structural properties has been
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linked to the formation of intermolecular bonds between collagen molecules, resulting in a
network of interconnected fibrils within the hydrogel matrix [34]. The hydrogels exhibited
significant changes in microstructure as the concentration of GA or EA increased from 30%
to 100% (as shown in Figure 8). In particular, the presence of fibrils within the hydrogels
became more pronounced, and the number of fibrils increased at higher concentrations of
either GA or EA. The hydrogels’ fibrillar structure led to their increased water-retaining
capacity. The increased number of fibrils increased the surface area of the hydrogel and
improved its ability to retain water molecules, resulting in higher swelling values when
compared to pristine hydrogels. The creation of fibrils can be linked to an increase in the
density of intermolecular interactions between collagen and GA or EA, which promotes
the tangling and aggregation of collagen molecules, resulting in a more interconnected
and porous structure. These intermolecular associations include covalent bonds, hydro-
gen bonds, and numerous non-covalent interactions. The increasing predominance of
these intermolecular linkages causes the collagen molecules to become entangled and
intertwined, resulting in a denser structure [53]. Additionally, intermolecular associations
included covalent bonds, hydrogen bonds, and numerous non-covalent interactions. The
increasing predominance of these intermolecular linkages causes the collagen molecules to
become entangled and intertwined, resulting in a denser structure [54]. The formation of
intramolecular associations inhibited the mobility of collagen molecules and the resulting
hydrogels had a more compact and dense microstructure.
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Figure 8. Morphological images of collagen hydrogels visualized by scanning electron microscopy.
(A1,A2) SEM images of the pristine collagen; (B1,B2) SEM images of GA 30%; (C1,C2) SEM images of
GA 50%; (D1,D2) SEM images of GA 100%; (E1,E2) SEM images of EA 30%; (F1,F2) SEM images of
EA 50%; (G1,G2) SEM images of EA 100% crosslinked collagen hydrogels.

4. Conclusions

This study successfully presented fabricated collagen-based hydrogels cross-linked
with GA or EA and demonstrated remarkable physicochemical, thermal, structural, and
morphological properties. Cross-linking collagen-based hydrogels with GA and EA re-
sulted in considerable improvements in a range of physicochemical parameters. These
enhancements covered all the properties, such as the storage modulus, loss modulus, re-
sistance to enzymatic degradation by type I collagenase, heat stability, porosity, swelling
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response, and water retention. The GA/EA cross-linking method was crucial in retaining
the structural integrity of native collagen, as evidenced by XRD and FTIR spectroscopic
investigations. Furthermore, SEM analysis demonstrated that the surface morphology of
the GA/EA cross-linked hydrogels was improved when compared to the native hydrogels.
Collectively, the results indicated that the incorporation of GA and EA into collagen hy-
drogels resulted in significant improvements in their enzymatic, thermal, and structural
properties. These improvements were attributed to the formation of inter- and intramolecu-
lar cross-links between the collagen and GA/EA components. The cross-linked structure
resulted in improved functional properties of the hydrogels by providing increased sta-
bility and resistance to degradation. The results of the present study indicated that the
obtained GA/EA cross-linked collagen hydrogels are important for the design of collagen
biomaterials for different biomedical applications and provide a promising approach to
improve the properties and performance of collagen hydrogels for future studies.
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Abstract: Cellulose is the main polymer that gives strength to the cell wall and is located in the
primary and secondary cell walls of plants. In Cactaceae, there are no studies on the composition
of cellulose. The objective of this work was to analyze the crystallinity composition and anatomical
distribution of cellulose in Cactaceae vascular tissue. Twenty-five species of Cactaceae were collected,
dried, and milled. Cellulose was purified and analyzed with Fourier transform infrared spectroscopy,
the crystallinity indexes were calculated, and statistical analyzes were performed. Stem sections were
fixed, cut, and stained with safranin O/fast green, for observation with epifluorescence microscopy.
The crystalline cellulose ratios had statistical differences between Echinocereus pectinatus and Coryphan-
tha pallida. All cacti species presented a higher proportion of crystalline cellulose. The fluorescence
emission of the cellulose was red in color and distributed in the primary wall of non-fibrous species;
while in the fibrous species, the distribution was in the pits. The high percentages of crystalline
cellulose may be related to its distribution in the non-lignified parenchyma and primary walls of
tracheary elements with helical or annular thickenings of non-fibrous species, possibly offering
structural rigidity and forming part of the defense system against pathogens.

Keywords: crystalline cellulose; FTIR; fluorescence microscopy; crystallinity indexes; Cactaceae

1. Introduction

Plant cell walls give rigidity, delimit the cell space, and function as a physical barrier
against pathogens [1]. The main polymers of the cell wall are cellulose, hemicelluloses,
and lignin, in addition to other compounds such as pectins, structural proteins, and gly-
coproteins [2]. The cell wall is divided in two: the primary wall with abundant cellulose
microfibers, some hemicelluloses, xyloglucans, and pectins [3]. The primary wall develops
during cell growth and maintains some elasticity during the initial stage. The secondary
wall has three layers: S1, S2, and S3. A secondary wall develops once cell growth ends,
mainly lignin accumulates, and cellulose occurs in a lesser quantity than other polysaccha-
rides such as hemicelluloses [4].

Cellulose is the main component of the cell wall [1] and is a homopolysaccharide
composed of repeated glucose residues linked by β-(1→4) bonds that generate long and
rigid microfibrils [5] made of 18 cellulose polymers [6]. The presence of cellulose microfibrils
in the cell wall confers mechanical and enzymatic resistance [7], structural rigidity in the
primary wall [2], and forms the scaffolding for binding with pectins and hemicelluloses [5].
Two types of cellulose are characterized by their orientation and packaging. The cellulose
formed by microfibrils is also called crystalline cellulose [8], which is packaged because
the microfibrils are linked by hydrogen β-(1→4)-linked D-glucose units, making it more
compact, rigid, and ordered [9]. The cellulose matrix that has no order (amorphous) forms
a network where the hemicelluloses, pectins, lignin, and phenolic compounds are inserted
and joined [3,10].
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The importance of studying the crystalline composition of cellulose is due to its use in
the paper industry [8] and for the production of biofuels [11]. In addition, Cactaceae species
are considered second generation plants for biofuel production because, despite their slow
growth, they resist drought conditions and high temperatures, and are not an essential
part of human consumption [12]. The species with the highest amount of amorphous
cellulose [13] and the lowest presence of lignin or lignin, and with the highest accumulation
of syringyl monomers [14], are those that have potential for use in the previously mentioned
industries. On the other hand, cellulose studies also focus on anatomical-structural analysis,
to identify cell wall interactions with biotic and abiotic factors [15]. At this point, different
authors have analyzed the stress effects of the environment on cellulose accumulation [16]
and the interaction between cellulose and pathogens [17].

In succulent species, studies are scarce and most have focused on the genus Agave,
a member of the Asparagaceae family [18]. In the Cactaceae family, few studies have
identified the chemical composition of lignin [19–22]; furthermore, the crystallinity of
cellulose was only analyzed in Opuntia ficus-indica, due to the potential use of its cellulosic
compounds in the biofuel and paper industry [23]. However, of the other species of the
Opuntioideae, Pereskioideae, and Cactoideae subfamilies, there have been no studies on
the composition of cellulose and its distribution in the secondary xylem (wood), which
would allow us to understand the structure and functioning of cellulose in the cell wall of
the parenchyma, water conductive, and supporting cells. Therefore, this study aimed to
analyze the crystalline composition of cellulose and its distribution in wood. The hypothesis
was that there would be variation in the crystalline composition of cellulose among the
different groups of cacti, due to the type of wood present.

2. Materials and Methods
2.1. Crystalline Analysis of Cellulose

To analyze the crystalline cellulose of Cactaceae species, adult and healthy plants of
representative species of Cactaceae (Table 1) were collected. The vascular cylinder of all
species was isolated and dried for 72 h. After that, 2 g of each species was weighed, dried,
and ground. Subsequently, to obtain free-extractive wood, successive extractions were
applied with ethanol: benzene (1:2), ethanol 96%, and hot water at 90 ◦C, according to the
method proposed by Reyes-Rivera and Terrazas [24].

For the free-extractive wood, cellulose purification was performed using the procedure
of Maceda et al. [20] based on the Kürschner-Hoffer method. Whereby, 0.5 g of extractive-
free wood was weighed and added to 12.5 mL of HNO3/ethanol (1:4 v/v), kept in a
reflux system for 1 h, allowed to cool to room temperature, and the sample was decanted.
Subsequently, 12.5 mL of HNO3/ethanol was added and the process of reflux, cooling, and
decantation was repeated two more times. In the last process, 12.5 mL of 1% aqueous KOH
solution was added, kept under reflux for an additional 30 min, and finally filtered through
a fine-pore Büchner filter. The residue (cellulose) was dried at 60 ◦C for 12 h.

Obtainment of the crystalline and amorphous cellulose proportion was performed with
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), because the
covalent and non-covalent interactions of cellulose could be identified, and the crystallinity
of cellulose could be measured [25]. A small amount of dry cellulose from each species
was taken, readings in the spectrum range of 4000–650 cm−1 (30 scans with a resolution
of 4 cm−1, 15 s per sample) of each sample were made in an FTIR Spectrometer (Agilent
Cary 630 FTIR), and a baseline correction was made with MicroLab PC software (Agilent
Technologies, Santa Clara, CA, USA). The raw spectra were converted from transmittance
to absorbance, and the average of three spectra was obtained using the Resolution Pro FTIR
Software program (Agilent Technologies, Santa Clara, CA, USA).

The total crystallinity index (TCI) proposed by Nelson and O’Connor [26], or also
called the proportion of crystallinity [13], was calculated from the ratio between the intensity
absorption peaks 1370 cm−1 and 2900 cm−1 [27]. The lateral order index (LOI) [26,27],
or the second proportion of crystallinity [13], was calculated from the ratio between the
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intensity absorption peaks 1430 cm−1 and 893 cm−1. Hydrogen bonding intensity (HBI)
was calculated from the ratio between 3350 cm−1 and 1315 cm−1 [28].

The data obtained in triplicate for TCI, LOI, and HBI for each species were analyzed
with non-parametric statistics, due to the data having no normality with the Kolmogorov-
Smirnov and Shapiro–Wilk tests, even with the square root and log transformations. A
non-parametric Kruskal–Wallis test was used to determine if there were differences among
the species, followed by Dunn’s post hoc test.

Table 1. Morpho-anatomical characteristics of the 25 species of Cactaceae.

Subfamily Species Collection Number Wood Type Stem

Cactoideae

Coryphantha clavata (Scheidw.) Backeb. BV2535 Non-fibrous Cylindrical
C. cornifera (DC.) Lem. BV2534 Non-fibrous Cylindrical
C. delaetiana (Quehl) A. Berger BV2542 Non-fibrous Globose
C. delicata L. Bremer SA1927 Non-fibrous Cylindrical
C. hintoriorum Dicht & A. Lüthy BV2539 Non-fibrous Cylindrical
C. macromeris (Engelmann) Lemaire BV2600 Non-fibrous Globose
C. pallida Britton & Rose SA860 Non-fibrous Globose
C. pseudoechinus Boed. BV2543 Non-fibrous Cylindrical
C. ramillosa Cutak HSM3775 Non-fibrous Globose
C. retusa Britton & Rose SG55 Non-fibrous Globose
Echinocereus cinerascens (DC.) Lem. subsp. tulensis SA1744 Non-fibrous Cylindrical
E. dasyacanthus Engelm. SA2077 Non-fibrous Cylindrical
E. pectinatus (Scheidw.) Engelm. SA1918 Non-fibrous Cylindrical
E. pentalophus (DC.) Lem. SA1740 Non-fibrous Cylindrical
Mammillaria carnea Zucc. Ex Pfeiff. DA241 Non-fibrous Cylindrical
M. dixathocentron Backeb. Ex Mottram CPNL133 Non-fibrous Cylindrical
M. magnifica Buchenau UG1411 Non-fibrous Columnar
M. mystax Mart. DA238 Non-fibrous Cylindrical
Neolloydia conoidea (DC.) Britton & Rose BV2595 Non-fibrous Cylindrical

Opuntioideae

Cylindropuntia imbricata (Haw.) F. M. Knuth TT990 Fibrous Tree
C. kleiniae (DC.) F. M. Knuth TT1000 Fibrous Shrub
C. leptocaulis (DC.) F. M. Knuth TT994 Fibrous Shrub
Opuntia stenopetala Lem. TT997 Fibrous Shrub
O. stricta (Haw.) Haw. TT998 Fibrous Shrub

Pereskioideae Leuenbergeria lychnidiflora (DC.) Lodé TT967 Fibrous Tree

The vouchers were deposited in the National Herbarium of Mexico (MEXU). Initial collectors were BV, Balbina
Vázquez; SA, Salvador Arias; HSM, Hernando Sánchez-Mejorada; UG, Ulises Guzmán; DA, David Aquino; CPNL,
Carmen P. Novoa; TT, Teresa Terrazas. SA, verified species identification.

2.2. Epifluorescence Microscopy

To analyze the anatomical distribution of cellulose in Cactaceae species, epifluorescent
microscopy was used. Epifluorescence is a technique used to identify the distribution
of structural components such as lignin, cellulose, phenolic compounds, starch, and pro-
teins [29]. In the particular case of epifluorescence, it allows the observation of thin
sections of plant samples, where the tissues are anisotropic [30]. The method used to
make the observations was based on the results obtained by De Micco and Aronne [31] and
Maceda et al. [21,22] with epifluorescence and safranin O/fast green staining (SF). However,
to confirm that the fluorescence emission by safranin/fast green staining corresponded to
the fluorescence of lignified tissues and cellulose, samples of Ferocactus latispinus (HAW.)
Britton and Rose were used as a model for comparison with two other typical stains for
fluorescence, such as acridine orange–Congo red (AO), in addition to calcofluor (CA), based
on the method proposed by Nakaba et al. [32].

Representative samples of wood from the base of the stem of the Cactaceae species
were obtained, fixed with a solution of formalin–acetic acid–ethanol (10:5:85) [33], and
washed, before dehydrating the samples [30]. The non-fibrous species samples were
embedded with paraffin and cut with a rotatory microtome, and the fibrous species were

127



Polymers 2022, 14, 4840

cut with a sliding microtome [20]. All the samples were stained with safranin O/fast green
and mounted in synthetic resin according to Loza-Cornejo and Terrazas [34].

Due to the different structural components of the cell wall, presenting autofluorescence
and fluorescence emission [29], three different excitation and emission bands were used
at the same time [21]. This process allowed obtaining images with a “true color” [29].
Therefore, a wide-field fluorescence microscope (Zeiss Axio Imager Z2) with Apotome 2.0
(Zeiss Apotome.2), an AxioCam MRc 5 (Zeiss), and a microscope metal halide fluorescence
light source (Zeiss HXP 120) were used. The multicolor images were obtained with a triple
excitation/emission bandwidth: DAPI (blue) with an excitation of 365 nm and emission of
445/50 nm, FITC (green) with an excitation of 470/40 nm and emission of 525/50 nm, and
TRITC (red) with an excitation of 546/12 nm and emission of 575–640 nm. Each sample
was exposed to fluorescence light with a low power for a maximum of one minute, as
proposed by Baldacci-Cresp et al. [35], to avoid overexposure of the samples and cause their
photobleaching. Images were obtained with the Zen Blue 2.5 lite (Zeiss, Jena, Germany)
program, and brightness adjustments were made to the entire image.

3. Results
3.1. Cellulose Composition

Figure 1 illustrates the cellulose spectra and Table 2 shows the allocation of the main
bands. The absence or presence of small bands at 1269 cm−1 corresponding to lignin and
hemicelluloses; 1595 cm−1, 1512 cm−1, and 1463 cm−1 assigned to lignin; and 1735 cm−1

corresponding to xylenes and hemicelluloses reflected the effectiveness of the extraction and
cellulose purification. The presence of 1640 cm−1 reflected the O-H vibration of absorbed
water. The parameters for crystallinity, TCI, LOI, and HBI, had statistically significant
differences (p < 0.05) with a non-parametric Kruskal–Wallis analysis (Table 3); and using
Dunn’s post hoc test, the species that were statistically different were identified (Table 4
and the website on Data Availability Statement contain the tables for each variable and the
comparison between species).

The TCI showed that all species had values above one, because cacti have a higher
proportion of crystalline cellulose than amorphous cellulose (Table 4). E. pectinatus had
the highest TCI values and had significant differences with C. pallida and C. clavata, which
presented the lowest values (Table 4). The lateral order index (LOI) reflected the degree of
order in cellulose and the presence of crystalline cellulose II or amorphous cellulose; all
species had similar values, except for E. pectinatus, C. pallida, and C. ramillosa, because the
last two presented significant differences from the first (Table 4). In HBI, which relates to
the crystal system and the bound water, the significant differences were between C. pallida
with the highest values, and E. pectinatus, which presented the lowest HBI of the cacti
(Table 4). The crystallinity indexes TCI and HBI were high in all Cactaceae species, but had
lower values in the LOI index, because the cacti species had a lesser order (disorder) in the
crystalline structure, but a higher proportion of crystalline cellulose.

Table 2. Assignment of FTIR absorption bands for the cellulose of Cactaceae species.

Wavenumber (cm−1) Assignments

3000–3600 OH stretching [27]
2900 CH stretching [13,27]

1430 CH2 symmetric bending (crystalline and amorphous cellulose)
[13,26,27]

1372 C-H and C-O bending vibration bonds [27]
1336 C-O-H in-plane bending (amorphous cellulose) [27]
1315 CH2 wagging vibration (crystalline cellulose) [26]
1163 C-O-C asymmetrical stretching [36]
893 Out-of-plane asymmetrical stretching of cellulose ring [13]
670 C-O-H out-of-plane stretching [37]
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Table 3. Kruskal–Wallis analysis for the crystalline indexes and hydrogen bond index.

Crystalline Indexes χ-Square Df Significance

TCI 65.81053 24 9.25 × 10−6

LOI 52.00702 24 7.81 × 10−4

HBI 61.89333 24 3.44 × 10−5

Table 4. Crystallinity indexes with standard deviations, to determine the crystalline cellulose of the
25 Cactaceae species.

Species TCI (A1370/A2900) LOI (A1430/A893) HBI (A3400/A1315)

C. pallida 1.118 ± 0.019 a 0.503 ± 0.007 a 1.365 ± 0.032 a
C. clavata 1.126 ± 0.012 ab 0.507 ± 0.014 ab 1.301 ± 0.048 ab
C. delaetiana 1.263 ± 0.020 abcd 0.515 ± 0.020 ab 1.148 ± 0.018 ab
C. delicata 1.227 ± 0.021 abcd 0.523 ± 0.010 ab 1.231 ± 0.033 ab
C. hintoriorum 1.273 ± 0.022 abcd 0.561 ± 0.009 ab 1.131 ± 0.024 ab
C. macromeris 1.291 ± 0.023 abcd 0.565 ± 0.009 ab 1.131 ± 0.024 ab
C. pseudoechinus 1.197 ± 0.030 abcd 0.540 ± 0.009 ab 1.287 ± 0.030 ab
E. cinerascens 1.198 ± 0.026 abcd 0.538 ± 0.011 ab 1.339 ± 0.037 ab
E. dasyacanthus 1.234 ± 0.039 abcd 0.535 ± 0.014 ab 1.202 ± 0.034 ab
E. pentalophus 1.165 ± 0.018 abcd 0.540 ± 0.012 ab 1.270 ± 0.028 ab
M. dixathocentron 1.243 ± 0.021 abcd 0.513 ± 0.012 ab 1.279 ± 0.026 ab
M. magnifica 1.219 ± 0.025 abcd 0.532 ± 0.012 ab 1.289 ± 0.025 ab
M. mystax 1.179 ± 0.028 abcd 0.511 ± 0.013 ab 1.252 ± 0.017 ab
N. conoidea 1.212 ± 0.015 abcd 0.513 ± 0.012 ab 1.280 ± 0.030 ab
C. imbricata 1.141 ± 0.021 abcd 0.526 ± 0.013 ab 1.277 ± 0.021 ab
C. kleiniae 1.192 ± 0.015 abcd 0.528 ± 0.006 ab 1.293 ± 0.034 ab
C. leptocaulis 1.242 ± 0.021 abcd 0.567 ± 0.010 ab 1.250 ± 0.019 ab
O. stenopetala 1.299 ± 0.028 abcd 0.535 ± 0.011 ab 1.185 ± 0.042 ab
O. stricta 1.287 ± 0.023 abcd 0.541 ± 0.012 ab 1.139 ± 0.035 ab
L. lychnidiflora 1.202 ± 0.034 abcd 0.510 ± 0.010 ab 1.270 ± 0.037 ab
M. carnea 1.323 ± 0.024 abcd 0.540 ± 0.009 ab 1.097 ± 0.028 ab
C. ramillosa 1.362 ± 0.027 abcd 0.472 ± 0.011 a 1.085 ± 0.036 ab
C. retusa 1.486 ± 0.039 bcd 0.569 ± 0.017 ab 1.030 ± 0.019 ab
E. pectinatus 1.606 ± 0.042 cd 0.647 ± 0.015 b 0.516 ± 0.007 b

Different letters in each column indicate significant differences (p < 0.05). Mean ± standard deviation (SD).

3.2. Staining Methods for Fluorescence

When comparing the bright-field images with the fluorescence images, it was observed
that in the bright-field images, the blue tones corresponded to the non-lignified tissue,
while the red tones corresponded to the lignified tissue. In the fluorescence images, the
green tones reflected the lignified tissue and the red the non-lignified (Figure 2A,B). In the
SF, AO, and CA stains (Figure 2) it was observed that the secondary walls of the vessel
elements (v) and wide-band tracheids (wbt) showed fluorescence emission in green to
bluish tones in all three types of staining. In non-lignified tissues, such as the parenchyma
or the primary walls of the vascular tissue, in the SF and AO stains, the cellulose fluoresced
in red tones, while, for CA, the tones were bluish to greenish (Figure 2D).

130



Polymers 2022, 14, 4840

Polymers 2022, 14, x FOR PEER REVIEW 7 of 17 
 

 

to bluish tones in all three types of staining. In non-lignified tissues, such as the paren-

chyma or the primary walls of the vascular tissue, in the SF and AO stains, the cellulose 

fluoresced in red tones, while, for CA, the tones were bluish to greenish (Figure 2D). 

 

Figure 2. Images of the vascular tissue of F. latispinus. (A) Bright-field image of SF. (B) Fluorescence 

image of SF. (C) Fluorescence image of AO. (D) Fluorescence image of CA. p = parenchyma, v = 

vessel, wbt =wide-band tracheids. Scale: 100 µm. 

3.3. Cellulose Distribution in Cells of the Secondary Xylem 

Figures 3–6 show representative species of fibrous (Pereskioideae and Opuntioideae) 

and non-fibrous (Cactoideae) wood. In the bright-field microscopy images, the lignified 

cell walls were observed in red tones, with the non-lignified in blue tones. With fluores-

cence microscopy, the fibrous species reflected bluish-green to yellow tones; while in the 

non-fibrous species, the tones of the lignified walls were greenish. The presence of cellu-

lose and other components of the non-lignified walls reflected reddish tones in all species. 

Cylindropuntia leptocaulis (Figure 3A,B) had starch within some parenchyma (p) cells, 

which were cyan-colored. The distribution of cellulose was different between the fibrous 

species and non-fibrous species. 

In longitudinal sections of Cylindropuntia, Opuntia, and L. lychnidiflora, cellulose was 

detected in the pits of the VEs (Figure 4A,B,D). In addition, the presence of cellulose was 

mainly in the simple pits of the fibers (f) of Cylindropuntia and L. lychnidiflora. (Figure 

4A,B,D). The unlignified parenchyma of O. stenopetala in longitudinal sections showed 

primary walls with the presence of cellulose (Figure 4C); whereas, in the lignified paren-

chyma of Cylindropuntia and Leuenbergeria, lignin was mainly accumulated in the cell wall, 

and cellulose was exclusively in the pits (Figure 4A,B,D). 

In non-fibrous species (Figure 5), cellulose fluorescence emission was detected in the 

primary wall of p, wbt, and v; unlike in fibrous species, where fluorescence emission was 

Figure 2. Images of the vascular tissue of F. latispinus. (A) Bright-field image of SF. (B) Fluores-
cence image of SF. (C) Fluorescence image of AO. (D) Fluorescence image of CA. p = parenchyma,
v = vessel, wbt =wide-band tracheids. Scale: 100 µm.

3.3. Cellulose Distribution in Cells of the Secondary Xylem

Figures 3–6 show representative species of fibrous (Pereskioideae and Opuntioideae)
and non-fibrous (Cactoideae) wood. In the bright-field microscopy images, the lignified cell
walls were observed in red tones, with the non-lignified in blue tones. With fluorescence
microscopy, the fibrous species reflected bluish-green to yellow tones; while in the non-
fibrous species, the tones of the lignified walls were greenish. The presence of cellulose
and other components of the non-lignified walls reflected reddish tones in all species.
Cylindropuntia leptocaulis (Figure 3A,B) had starch within some parenchyma (p) cells, which
were cyan-colored. The distribution of cellulose was different between the fibrous species
and non-fibrous species.
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Figure 3. Fluorescence emission of transverse sections of fibrous wood species of Cactaceae.
(A,B) Cylindropuntia leptocaulis. (C,D) Opuntia stenopetala. (E,F) Leuenbergeria lychnidiflora. f = fibers,
p = parenchyma, v = vessel. Scale: 20 µm.
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In longitudinal sections of Cylindropuntia, Opuntia, and L. lychnidiflora, cellulose
was detected in the pits of the VEs (Figure 4A,B,D). In addition, the presence of cellu-
lose was mainly in the simple pits of the fibers (f) of Cylindropuntia and L. lychnidiflora.
(Figure 4A,B,D). The unlignified parenchyma of O. stenopetala in longitudinal sections
showed primary walls with the presence of cellulose (Figure 4C); whereas, in the lignified
parenchyma of Cylindropuntia and Leuenbergeria, lignin was mainly accumulated in the cell
wall, and cellulose was exclusively in the pits (Figure 4A,B,D).

In non-fibrous species (Figure 5), cellulose fluorescence emission was detected in
the primary wall of p, wbt, and v; unlike in fibrous species, where fluorescence emission
was not detected in the primary wall but in the S3 layer of the secondary wall adjacent
to the lumen. Furthermore, the non-fibrous species showed secondary walls as helical
and annular thickenings in v and wbt, so the primary wall was visible in the longitudinal
sections (Figure 6). In all non-fibrous species, the p was abundant and unlignified, in
addition to having a greater accumulation of cellulose (Figures 5B,D,F,H and 6B).
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(A) Cylindropuntia kleiniae. (B) Cylindropuntia leptocaulis. (C) Opuntia stenopetala. (D) Leuenbergeria
lychnidiflora. f = fibers, p = parenchyma, v = vessel. Scale: 20 µm: (A,C); 50 µm: (B,D).
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Figure 5. Fluorescence emission of transverse sections of non-fibrous wood species of Cactaceae.
(A,B) Coryphantha clavata. (C,D) Echinocereus cinerascens. (E,F) Mammillaria dixathocentron. (G,H)
Neolloydia conoidea. p = parenchyma, v = vessel, wbt = wide-band tracheids. Scale: 20 µm: (A,B,E,H);
200 µm: (C,D).
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Figure 6. Fluorescence emission of longitudinal sections of non-fibrous wood species of Cactaceae.
(A) Carpathia delaetiana. (B) Neolloydia conoidea. p = parenchyma, v = vessel, wbt = wide-band
tracheids. Scale: 20 µm: (A,B).

4. Discussion

All Cactaceae species had a higher cellulose crystalline proportion, and the distribution
of cellulose was in unlignified parenchyma, v, and wbt; all with secondary walls as helical
and annular thickenings.

4.1. Crystalline Indexes

The TCI index was based on the proportion between the intensity peaks of 1370 cm−1

and 2900 cm−1, according to Nelson and O’Conner [26]. The TCI is proportional to the
degree of crystallinity of cellulose; therefore, the higher the ratio, the higher the percentage
of crystalline cellulose, as reported by various authors for different species, fibers, and
materials [27,28,38]. In the case of the LOI index, the peak of 1430 cm−1 corresponds
to the presence of crystalline cellulose I, while the peak of 893 cm−1 reflects the pres-
ence of crystalline cellulose II and amorphous cellulose [39]. LOI reflects the ordered
regions perpendicular to the chain direction, which is influenced by the chemical extrac-
tion and purification of cellulose [40]. The low values of LOI for Cactaceae species could
have been the result of the presence of crystalline cellulose II, which influences the peak
893 cm−1 [41], or the effect of the temperature and concentration of the NaOH solution
during the purification of cellulose [39]. In the case of HBI, these values are useful for
interpreting qualitative changes in cellulose crystallinity; the lower values indicate the
presence of crystalline cellulose, and if the values are higher, this could indicate the presence
of cellulose II or amorphous cellulose. However, these values could represent the amount
of bound water in the fiber structure and the presence of extractives, hemicelluloses, and
lignin that increase HBI values [27].

The results observed in Table 4 reflect that all cacti species had high proportions of
crystalline cellulose, because they had high values of TCI and LOI, and similar values in HBI.
The species E. pectinatus, C. retusa, and C. ramillosa (except in the LOI value) had the highest
crystalline proportions, due to having the highest values of TCI and LOI, and lower values
of HBI, which corresponds with the fibers and materials with high crystalline cellulose
proportions reported by Colom and Carrillo [42], Carrillo et al. [43], Široký et al. [39], and
Poletto et al. [27].

Comparing with the reports in the literature for other cacti species, the high proportions
of crystallinity cellulose were similar to most angiosperms reported by Agarwal et al. [44]
and to the bark of the cactus Cereus forbesii, which had a percentage of 82% crystalline
cellulose [45]. Opuntia ficus-indica is a species with varying crystalline cellulose percentages in
different parts of the plant: cladodes 27% [23] and 79% [46], spines 34–70% [47,48], vascular
tissue 22–28% [49], fruit epidermis 38% [50], and 60% in seeds [51]. Maceda et al. [46]
reported percentages of crystalline cellulose of 76% and 74%, respectively, for Opuntia
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streptacantha and O. robusta. These values are very similar to those reported in this study for
non-fibrous and fibrous species. Therefore, high proportions or percentages of crystalline
cellulose is a constant in different Cactaceae species, probably due to the presence of non-
lignified parenchyma or non-lignified primary cell walls, as observed in the anatomical
distribution. Further studies comparing the purity of cellulose using the Kürschner-Hoffer
method with other methods, such as the Seifert [52] method, would allow corroborating
the proportions of crystalline cellulose in the Cactaceae species analyzed.

4.2. Staining Methods for Fluorescence

With the three staining methods (SF, AO, and CA; Figure 2), the distribution of
the lignified tissue from the non-lignified was identified. The tones in the fluorescence
emission for lignin in SF were similar to what was observed in AO and CA, and to what
was reported by other authors [22,29,30]. The use of SF for bright-field and fluorescence
is advantageous over AO and CA, because images can only be taken using fluorescence
microscopy. On the other hand, the AO and CA techniques are semi-permanent, so over
time the fluorescence is lost, when the dyes become diluted in the mounting medium used
(phosphate buffer:glycerol 1:1 v/v) [30]; while for SF, a permanent mounting medium is
used, so slides can be stored without loss of fluorescence.

Finally, the difference in lignin tones was visible in SF and CA, such as v, whose
intensity and fluorescence tonalities were different from wbt; while for AO, the tonalities
were similar in v and wbt. For the distribution of cellulose in the non-lignified parenchyma
and in the vascular tissue, SF was clearly observed in red tones; while in AO and CA, the
fluorescence emission of the parenchyma was obscured by the fluorescence of the vascular
tissue. Therefore, SF was an efficient method for determining the distribution of lignified
tissues and cellulose, as was previously reported in the literature [21,22].

4.3. Cellulose Distribution and Crystalline Composition

The tonalities observed in the fluorescence emission for cellulose and lignin correspond
to those reported in other similar studies with a safranin O/fast green staining technique
and three excitation bands [21,22,29–31]. This technique allowed the detection of differences
in the distribution of both structural compounds (cellulose and lignin), between non-fibrous
and fibrous species. The safranin O dye allows the detection of lignin autofluorescence and
fluorescence in analyzed tissues [30,31], with tonalities of blue to green [29,35]. In the case
of celluloses and hemicelluloses that do not have autofluorescence, such as lignin [29], with
safranin O/fast green staining, the fluorescence emission of cellulose can be detected at
570–620 nm and its tonalities were reddish, similarly to the results of Maceda et al. [21,22].
However, further studies with immunohistochemistry or specific fluorophores could help
confirm the distribution of cellulose [2,29].

When comparing the results with those reported by Maceda et al. [21] for the primary
xylem, cellulose accumulated in the primary walls and lignin in the secondary ones of
the helical and annular thickenings of the protoxylem and metaxylem of fibrous species,
similarly to what was observed in non-fibrous adult plants. Only in the metaxylem of
Leuenbergeria lychnidiflora was there a decrease in the accumulation of cellulose in the
primary walls and a greater accumulation in the intervascular pits, as obtained in the
secondary xylem of the fibrous species.

The presence of high proportions of crystalline cellulose in all studied cacti, mainly
in the non-fibrous species (E. pectinatus, C. retusa, and C. ramillosa), could be related to
the abundant unlignified parenchyma and the lower accumulation of lignin in the xylem,
as seen in Figures 4 and 5B. Even when including fibrous species of Cylindropuntia and
Opuntia, there was a high proportion of crystalline cellulose, similarly to non-fibrous
species, possibly because the xylem had a greater accumulation of lignin in the cell walls
of the v, f, and p [20]. This high proportion of lignin may function as a physical [53] and
chemical barrier against the attack of pathogens [54]. Zhao and Dixon [7] and Bacete and
Hamann [55] mentioned that the cell wall is a dynamic barrier in conditions of abiotic stress.

136



Polymers 2022, 14, 4840

Therefore, in some cells, the presence of increased lignin accumulation can be observed [56];
while in others, similarly to in the gelatinous layer (G), cellulose is mainly accumulated [8].

In the cells with non-lignified primary cell walls, the accumulation of crystalline
cellulose packed by hydrogen chain β-(1→4)-linked D-glucose units [9] makes cellulose
more hydrophobic than amorphous cellulose [8], conferring structural support [9] and
causing a decrease in the efficiency of cellulase enzymes [57], by not presenting sites for
binding with enzymes and making it difficult to degrade [58]. In contrast, amorphous
cellulose is slightly hydrophilic [55], susceptible, and degrades rapidly, due to the action of
cellulase enzymes [59] and pH changes from pathogens [60].

Infection with some pathogenic fungi occurs when the hyphae invade the roots and
subsequently the vascular tissue [16]. In the fibrous species of Cactaceae, the accumulation
of lignin works as a physical barrier in Vs [61]. However, in non-fibrous species with little
accumulation of lignin in the helical or annular thickenings, the presence of crystalline
cellulose in the primary wall of the tracheary elements and the unlignified parenchyma
function as a physical barrier, to prevent the spread of the fungus by reducing the effective-
ness of cellulase enzymes [55]. For the species analyzed in this work, it has been reported
that they have higher percentages of cellulose than lignin in the vascular tissue [20]; thus,
possibly, the presence of crystalline cellulose reinforces and protects the vessels with helical
and annular secondary thickenings. In subsequent studies using transmission electron
microscopy techniques [62], the presence of crystalline cellulose in the primary wall of the
tracheary elements could be analyzed and characterized, which will support and confirm
this assertion.

The presence of high proportions of crystalline cellulose in fiber species could be
due to the succulence of their stems and their distribution in humid environments, such
as for Leuenbergeria lychnidiflora, [63] or in the extreme conditions of arid and semi-arid
climates with seasons of high humidity. The resistance of plants to stressful conditions is
energetically expensive, in addition to the constitutive expression of defense mechanisms,
such as the accumulation of callose [1,5], pectins [55], or secondary metabolites [64]. This is
not always the best strategy against the colonization of pathogens or diseases, because it can
restrict physiological processes and have negative impacts on the plant, such as a reduced
seed production and biomass [14]. Therefore, the presence of primary physical barriers,
such as lignin [65,66] and crystalline cellulose [9] that inhibit the spread of pathogens, could
decrease the expression of the defensive systems (callose, pectins, secondary metabolites)
and be energetically expensive [15]. The heterogeneity in the composition of cell walls
between species reflects the diversity of defensive mechanisms against the degrading
enzymes that pathogens have developed to break down plant cell walls, such as the
numerous cell wall-degrading enzymes (CWDEs), polygalacturonases, and xylanases [67].

In these Cactaceae species, as mentioned previously, cellulose may work to confer
structural support to the primary wall, without losing flexibility [68], and thus maintaining
the cell structure during periods of water stress and rain [69]. Furthermore, the increased
amount of crystalline cellulose could function as a defense against pathogens [57], by
providing resistance to degradation by glycosyl hydrolase enzymes [9] and enzymes
produced by pathogenic fungi [17]. Further analyses in a larger number of dimorphic and
non-fibrous cacti, together with other families of succulent plants, may confirm that the
presence of crystalline cellulose is due to the presence of non-lignified parenchyma, as was
observed in the species analyzed in this work.

In addition, the crystalline cellulose can be used for the production of microfibrillated
cellulose nanofibers that could be applied in the production of medical equipment [70,71]
or in paper recycling [72]. Amorphous cellulose could be enzymatically degraded for
the production of biofuels [23,73]; thus, cacti species have potential for future use [74].
However, it is essential to analyze the profitability in terms of cultivation and plant growth.
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5. Conclusions

The non-fibrous species presented a high proportion of crystalline cellulose, reflected
in their TCI, LOI, and HBI proportions. The distribution of the cellulose was in the primary
cell wall of the tracheary elements and the unlignified parenchyma. In fibrous species,
the distribution was in the cell wall near the lumen and the simple and alternate pits of
vessel elements and fibers. The high proportion of crystalline cellulose could be related to
resistance to pathogens, due to the presence of a non-lignified primary cell wall in all the
cacti species.
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Abstract: The pretreatment of pulp with enzymes has been extensively studied in the laboratory.
However, due to cost constraints, the application of enzymes in the pulp and paper industry is very
limited. In this paper, an environment-friendly and efficient pulping method is proposed as an
alternative to traditional pulping and papermaking methods. This new method overcomes the low
efficiency and extreme pollution problems associated with traditional pulping methods. In addition,
fitting equations for the new pulping method are constructed using data on enzyme treatments,
which reflect the effect of enzymes and enable the realization of real-time control of the pulping
process. The experimental results show that the efficiency of the pulping and papermaking process
can be improved using biological enzymes, and the separation of cellulose can be facilitated using
mixed enzymes, which have a better effect than single enzymes.

Keywords: wheat straw; lignin; Biopulping; xylanase; pectinase

1. Introduction

According to relevant statistics, the total output of paper and paperboard in the global
pulp and paper industry in 2022 is about 417 million tons, of which the total output of
the United States is about 65.95 million tons, and the total output of China is about 124.32
million tons [1]. As the world’s largest developing country, China’s total volume of paper
products ranks first in the world, but the per capita output of paper products is much
lower than that of developed countries. According to statistics, in 2022, China’s pulp,
paper and paper products industry achieved a total output of 283.91 million tons of pulp,
paper, cardboard and paper products, with an average annual growth of 1.32%. Among
them, the output of paper and paperboard was 124.25 million tons, an increase of 2.64%
over the previous year. Pulp output was 85.87 million tons, an increase of 5.01% over the
previous year. The output of paper products was 73.79 million tons, 4.65% less than the
previous year [1]. In 2022, there are about 2500 paper and cardboard production enterprises
in the country, and the national production of paper and cardboard is 124.25 million
tons, an increase of 2.64% over the previous year. Over the previous year, consumption
was 124.03 million tons, an increase of −1.94%, with a per capita annual consumption of
87.84 kg (1.412 billion people). According to the survey data of the China Paper Association,
the total pulp production in 2022 will be 85.87 million tons, an increase of 5.01% over the
previous year [2]. This includes 21.15 million tons of wood pulp, an increase of 16.92%;
59.14 million tons of waste pulp, an increase of 1.72% over the previous year; non-wood
pulp was 5.58 million tons, an increase of 0.72% over the previous year [3]. In 2022, there
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will be 4727 paper products production enterprises above designated size in China, with
a production capacity of 73.79 million tons, an increase of −4.65% over the previous year.
The consumption was 68.97 million tons, an increase of −5.89% over the previous year.
The import volume was 160,000 tons and the export volume was 4.98 million tons. From
2013 to 2022, the average annual growth rate of paper product production is 3.69%, and the
average annual growth rate of consumption is 3.45% [2].

Although the demand for paper and paperboards has remained high in recent years,
the shortage of raw materials has limited the development of the paper industry. The
production capacity of pulp, particularly wood pulp, is insufficient to compensate for the
high dependence on raw material imports. As a gramineous plant, wheat straw is an
important source of biomass, which is grown globally. It is one of the three largest cereal
crops in the world [4,5]. As agricultural waste, wheat straw employed in pulping not only
reduces environmental pollution but also maximize straw resources [6]. Wheatgrass is
an abundant crop by-product in China. With the continuous development of agricultural
production science and technology and the improvement of wheat yields, the annual
harvest of rice-wheatgrass has also increased [7]. Wheatgrass papermaking is an important
aspect to promote the development of China’s papermaking industry. Of China’s non-
wood pulp products, rice straw pulp and bamboo pulp make up the majority. In 2022,
the domestic wheat straw pulp output was 1.5 million tons, an increase of 0.72% over the
previous year, accounting for 26.9% of non-wood pulp output. The output of bamboo pulp
was 2.46 million tons, accounting for 44.1% [2,8].

The chemical components of common deciduous wood were 58.61% cellulose, 22.71%
pentosan, 17.04% lignin, 0.52% ash and 1.74% benzene-alcohol extract [8]. The chemical
composition and content of wheat straw stem were: cellulose 47.09%, pentosan 32.28%,
lignin 10.23%, ash 8.94% and benzene-alcohol extract 5.36% [9]. The average fiber length
of wheatgrass was 1.32 mm, which was larger than that of broadleaf wood (1.03 mm) and
smaller than that of coniferous wood (3.40 mm) [9]. Wheat straw has high cellulose content,
short and fine fibers, low lignin molecular weight and wood ratio, and contains a large
number of phenolic hydroxyl and ether bonds. It has strong lyophilic ability under alkaline
environments, and can dissolve lignin at low temperatures to reduce energy waste [7].

Pulping mainly refers to the production process of using certain means, such as
chemical reagents, papermaking machinery, or a combination of the two, to break down
wood or other plant fiber raw materials, so that the fibers are dissociated and become
unbleached color paste or bleached pulp [8]. The industry’s history dates back to ancient
times, but its modernization began in the mid-19th century. After entering the 20th century,
the pulp and paper industry began to widely use chemical pulping, mechanical pulping and
chemical mechanical pulping [10]. With the continuous development of the pulp and paper
industry, since entering the 21st century, the global pulp and paper industry has also begun
to develop in the direction of green environmental protection, promoting the recycling
of waste paper and green pulping technology to reduce the harm to the environment [9].
Traditional pulping methods include alkaline pulping and kraft pulping. To remove
lignin and separate cellulose, these processes must be conducted under high-temperature
conditions, requiring special equipment and long processing times [11]. Presently, sodium
hydroxide pretreatment is the most widely used pulping method. This is because OH−

can act on the ether and ester bond of lignin to separate lignin and hemicellulose [12–14].
The solubility of lignin in different environments depends on different precursors or
combinations of precursors [15]. Therefore, the enzyme activity should be considered when
using chemical reagents to treat wheat straw.

The existing problems in the paper industry also include high energy consumption and
environmental pressure. The chemical treatment of wheat straw will produce many harm-
ful substances, including chlorophenol, dioxin, furan, fatty acid, resin acid and chlorolignin
compounds. It has been confirmed that these chlorinated hydrocarbon organic pollutants
are mainly produced by changes to the chemical structure of lignin during cooking and
bleaching. These substances are harmful to the environment. Dioxins are easily produced
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when bleaching pulp with chlorine. These substances are detrimental to the environ-
ment [16]. Eventually, they will destroy the self-healing ability of the environment and
cause irreversible harm.

Wheat straw pretreatment can reduce the obstinacy of the cell wall and increase the
accessibility of enzymes to the carbohydrates in the cell wall [17]. Hydrothermal pretreat-
ment changes the structure and molecular weight of lignin, which is mainly because of the
breaking of chemical bonds and the formation of new carbon–carbon double bonds [18].
The hydrothermal pretreatment of lignin at high temperatures can exert a high-intensity
inhibition effect on the enzyme, which is mainly because of the nonproduction adsorption
and enzyme inactivation [17].

Studies have shown that the tensile index and energy absorption of the xylanase-
treated wheat straw do not increase; however, its tear index decreases significantly [19].
Xylanase enhances the bleaching process and has a positive impact on pulp, paper and
wastewater treatment, aiming to reduce the use of bleaching chemicals in the pulp refining
process [6,20]. Xylanase can be employed in the pulping process, and its application is
mainly facilitated by the existence of refractory lignin. The refractory property of lignin
residues is partly attributed to the existence of xylan in hardwood kraft pulp, which is
not easy to degrade and separate from the fiber [21,22]. The precipitated xylan forms a
barrier on the fiber surface, which prevents the residual lignin from diffusing from the fiber
wall. Moreover, hemicellulose combines with other fibrous substances and pectin through
noncovalent and covalent bonds, indicating that the application of xylanase in the pulping
process can improve the chemical extraction efficiency of lignin. Pectinase-treated pulp
fiber has the characteristics of long fiber length, small fine fiber length, and high flexible
fiber content, which are conducive for subsequent pulping.

In this paper, we propose a new strategy for improving the environmental impact of the
pulping and papermaking processes. We attempt to produce pulp in a neutral environment.
Through this approach, the production cost of the enzyme can be significantly reduced and
the conditions for obtaining high-quality and low-cost paper can be achieved. In addition,
pulping in a neutral environment reduces environmental pollution. In order to improve the
pulping efficiency of the factory, we consider combining a certain index in the pulp after
pulping with the degree of beater, exploring the law of the change of the index and the
degree of beater, and describing the change of the index and the degree of beater through
the fitting equation, so as to achieve the online control of biomechanical pulping [23,24].

2. Materials and Methods
2.1. Materials

The wheat straw used in this study was obtained from wheat fields in five different
regions of China (Dezhou City, Shandong Province; Linfen City, Shanxi Province; Huaihua
City, Anhui Province; Suqian City, Jiangsu Province; Puyang City, Henan Province). After
the composition analysis of wheat straw, the wheat straw from Dezhou City, Shandong
Province was used for the follow-up experiment. Before pulping, the raw materials were
cleaned, cut and sampled with a length of approximately 1 cm, followed by drying under
the sun.

The xylanase and pectinase used in the experiments were provided by Shandong
Longkete Enzyme Preparation Co., Ltd. (Yishui, China). All the other reagents used were
analytically pure.

2.2. Pretreatment

The dried wheat straw and water in the ratio of 1:8 were placed in an 80 ◦C water bath
for 2 h for swelling treatment, and enzymes were added simultaneously. After 2 h, a 1.5%
potassium hydroxide (KOH) solution was added. The mixture solution was left to stand
for 1 h, after which the pH was adjusted to neutral with phosphoric acid.
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2.3. Enzymolysis

Under neutral conditions, enzyme treatment was conducted at different temperatures
(50–90 ◦C) for 1 h, after which the treated samples were ground using a refiner with
revolutions of 3000 rpm. After refining, the enzyme was inactivated by placing the pulp in
a water bath at 100 ◦C for 10 min, after which the samples were taken for analysis.

2.4. Analysis Method
2.4.1. Composition Analysis of Wheat Straw

The contents of cellulose, hemicellulose and lignin in the wheat straw samples were
determined according to the standard laboratory analysis procedure tp-510-42618 of the
Renewable Energy Laboratory (NREL) [25]. The percentages of cellulose, hemicellulose and
lignin in the samples were determined relative to the dry basis. The content of pectin was
determined by carbazole colorimetry. The wheat straw was dried to a constant weight at
(105 ± 2) ◦C, after which its water content was calculated. The wheat straw was placed in a
muffle furnace and burned at (550 ± 10) ◦C for 2 h to determine its ash content (NREL/TP-
510-42622) [26]. The protein content of the wheat straw was measured by the Kjeldahl
method, according to NREL/TP-510-42625, and the nitrogen factor was 5.70 [27]. The fat
content was determined by alkaline hydrolysis.

2.4.2. Determination and Definition of the Enzyme Activity

The activities of xylanase and pectinase were determined using the standard 3,5-
dinitrosalicylic acid method [28]. The enzyme activity in the enzyme treatment is defined
as the amount of enzyme required to generate 1 µmol of the substrate in 1 min.

2.4.3. Determination of the Main Detection Indexes

The reducing sugar content was determined by Fehling’s Reagent Titration method [29].
Three parallel determinations were carried out in each group. The content of soluble solids
was measured by drying at 105 ◦C, and each experiment was carried out three times in par-
allel. The pulp’s Schober beating degree was measured using the IMT-DJD02 beating degree
tester (Dongguan international material tester precision instrument Co., LTD, Dongguan,
China); the data were kept to two decimal places, and each group of experiments was
conducted three times in parallel.

2.4.4. Establishment of the Fitting Equation

A Plackett–Burman test with Design-Expert 12.0 software was used to screen out three
significant influencing factors, and the evaluation index was selected as the beating degree.
The Box–Behnken response surface method was used to optimize the pulping process.
MATLAB R2017a software was used to nonlinear fit the change of reducing sugar content
and soluble solid content in the pulp after pulping and the change of beating degree.

2.4.5. Scanning Electron Microscopy (SEM) Analysis

Using the Thermo Verios XHR SEM model scanning electron microscope (Thermo
Fisher Scientific (China) Co., Ltd., Shanghai, China). The sample was freeze-dried to
remove moisture. A conductive adhesive tape was glued to the sample table, on which
the freeze-dried samples were dispersed. Due to the poor conductivity of the sample to be
observed, it was necessary to spray gold.

The morphology of the enzyme treated wheat straw was analyzed by SEM. The sec-
ondary electron resolution is 3.5 nm; acceleration voltage 200 V–30 KV; and magnification
20–200,000×.

2.4.6. Fourier Transform Infrared Analysis (FT-IR)

Using the BRUKER TENSOR Fourier infrared spectrometer (Bruker Corporation,
Billerica, MA, USA). The samples were ground after freeze-drying and analyzed using a
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FT-IR. The wavelength absorption range was 400–4000 cm−1, the resolution was 0.5 cm−1,
and the signal-to-noise ratio was 4000:1.

2.4.7. The X-ray Diffraction (XRD) Sample Preparation and Crystallinity Analysis

Using the Rigaku SmartLab SE X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan), cellulose of wheat straw was isolated following the method described in other
previous research. The freeze-dried material is ground into fine particles and subsequently
put in the sample tank. Diffraction patterns were obtained using an X-ray powder diffrac-
tometer, and a copper target was used; Cu Kα generates X-rays under the conditions of an
acceleration voltage of 40 kV and a current of 40 mA. The scanning angle range was 5–50◦.
After scanning, the crystallinity of the sample was determined.

The calculation formula for the crystallinity index is as follows:

CrI (%) =
I200 − Iam

I200
× 100%

where I200 is the intensity of the crystalline peak at the maximum 2θ value between 22◦ and
23◦ for cellulose I (between 18◦ and 22◦ for cellulose II), and Iam is the intensity at the mini-
mum 2θ between 18◦ and 19◦ for cellulose I (between 13◦ and 15◦ for cellulose II) [30–32].

3. Results and Discussion
3.1. Components of Wheat Straw

The main components of wheat straw from five different sources were quantitatively
determined, and the results are shown in Table 1. The results showed that the cellulose
content of wheat straw in Dezhou City of Shandong Province and Huaihua City of Anhui
Province were 47.09% and 47.15%, respectively. The lignin content and pectin content of
the former were 2.52% and 0.51% lower than the latter, respectively. Therefore, the wheat
straw from Dezhou City, Shandong Province, was selected for the experiment. Table 1
shows a comparison of the compositions of the wheat straws obtained from different
producing areas.

Table 1. Comparison of the compositions of the wheat straws obtained from different
producing areas.

Composition
Dezhou City,

Shandong
Province

Linfen City,
Shanxi Province

Huaihua City,
Anhui Province

Suqian City,
Jiangsu Province

Puyang City,
Henan Province

Cellulose (dry basis) 47.09% 34.47% 47.15% 36.06% 41.90%
Hemicellulose (dry basis) 32.28% 36.43% 35.06% 35.09% 31.67%

Lignin (dry basis) 10.23% 7.72% 12.75% 7.94% 8.51%
Pectin (dry basis) 1.45% 2.52% 1.96% 2.48% 1.95%
Ash (dry basis) 8.94% 4.89% 4.18% 5.47% 8.51%
Water content 9.11% 8.04% 9.01% 6.81% 7.17%

Protein 2.01% 2.86% 1.27% 2.51% 3.09%
crude fat 0.40% 0.20% 0.40% 0.20% 0.10%

3.2. Enzyme Activity Determination at Different Temperatures and pH Values

The actual enzyme activities of xylanase and pectinase were measured at 40–90 ◦C and
pH 5.0–10.0, separately. Figure 1 shows that when the temperature was fixed, the actual
enzyme activity of pectinase was relatively low at pH 7.0 and 8.0. A possible reason is that
the types of enzymes commercially sourced are different; thus, they show different pH
preferences. When the temperature is fixed, the enzyme activity of xylanase decreases as
the pH increases. The optimum temperature of xylanase and pectinase is 50 ◦C.
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Figure 1. The activities of xylanase and pectinase at different temperatures (40–90 ◦C) and pH (5–10).

3.3. Effect of Enzyme Treatment on the Reducing Sugar and Soluble Solid Contents

Figure 2 shows that the optimal temperature for xylanase to act in the pulping process
is approximately 50–60 ◦C. The reducing sugar content was the highest at 60 ◦C, reaching
3.69 mg/mL, whereas the soluble solid content was the highest at 50 ◦C, which was 1.46%.
The reducing sugar content increased notably in the range of 40–60 ◦C, whereas it exhibited
a downward trend in the range of 60–90 ◦C. The soluble solid content increased from 40 ◦C
to 50 ◦C and subsequently decreased from 50 ◦C to 90 ◦C. The optimal temperature of
pectinase in the pulping process was 50 ◦C, at which point the reducing sugar content
was the highest, reaching 1.52 mg/mL. The second highest content was observed at 60 ◦C.
To facilitate the effect of pectinase in the pulping process, 70 ◦C was employed, at which
point the soluble solid content was the highest (2.84%). However, it should be noted that
the soluble solid content increased with the temperature from 40 ◦C to 50 ◦C. When the
temperature increased to 60 ◦C, the soluble solid content decreased. The soluble solid
content increased between 60 ◦C and 80 ◦C. A possible reason for this phenomenon is that
the soluble solids were affected by the superposition of the optimal temperature and the
enzyme. After 60 ◦C, the effect of the temperature on the soluble solids was greater than
that of the enzyme.
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3.4. Box–Behnken Response Surface Methodology

This method evaluates the three significant factors in the Plackett–Burman experiment
while keeping the other factors at their central level. The range and level of the investigated
variables are shown in Table 2a. The Box–Behnken design has three factors and three
levels, including four replications of the center point, which are used to fit the second-order
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response surface. A polynomial quadratic equation is obtained to determine the influence
of each variable on the response. The design and results of the trial scheme are shown in
Table 2b, and the analysis of variance is shown in Table 2c.

Table 2. (a) Factors and levels of the Box–Behnken response surface experiment. (b) Box–Behnken
response surface methodology test scheme design. (c) Analysis of variance table.

a

Factor
Level

−1 0 1

KOH dosage (%) 1.5 2.0 2.5
Liquid solid ratio 7 8 9

revolutions (r) 2500 3000 3500

b

Serial Number KOH Dosage
(%) Liquid Solid Ratio Revolutions (r) Beating Degree

(◦SR)

1 2.0 8 3000 37.75
2 2.0 8 3000 37.33
3 2.5 7 3000 34.00
4 1.5 7 3000 46.00
5 1.5 8 2500 47.33
6 2.0 7 3500 36.50
7 1.5 9 3000 39.75
8 2.0 8 3000 37.50
9 2.0 7 2500 44.33

10 2.0 9 2500 38.75
11 2.0 8 3000 37.50
12 2.5 9 3000 28.33
13 2.0 8 3000 38.00
14 2.5 8 2500 34.25
15 1.5 8 3500 39.33
16 2.0 9 3500 30.75
17 2.5 8 3500 26.25

c

Source Sum of Squares df Mean Square F Value p Value
Prob > F

Model 503.42 9 55.94 313.47 <0.0001 significant
KOH dosage

(%) (A) 307.27 1 307.27 1722 <0.0001

Liquid solid
ratio (B) 69.03 1 69.03 386.86 <0.0001

revolutions (r)
(C) 124.66 1 124.66 698.63 <0.0001

AB 0.0841 1 0.0841 0.4713 0.5145
AC 0 1 0 0 1
BC 0.0441 1 0.0441 0.2471 0.6343
A2 2.22 1 2.22 12.42 0.0097
B2 0.0706 1 0.0706 0.3957 0.5493
C2 0.0425 1 0.0425 0.2383 0.6403

Residual 1.25 7 0.1784
Lack of fit 0.9749 3 0.325 4.74 0.0834 not significant
Pure error 0.2741 4 0.0685
Cor total 504.67 16
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The binomial fitting equation obtained by statistical analysis is as follows:

Y = 37.62 − 6.20 × A − 2.94 × B − 3.95 × C + 0.1450 × AB
−0.1050 × BC − 0.7255 × A2 + 0.1295 × B2 − 0.1005 × C2

The p value of the fitting equation is less than 0.05, which indicates that the binomial
model has reached a significant degree, the fitting of the model is good and the response
value can be detected.

3.5. Establishment of the Fitting Equation

(1) Establishment of the fitting equation between the beating degree and reducing sugar
content.

Matlab R2017a was used to fit the reducing sugar content and beating degree, and
the fitting equation of the Fourier transform distribution was obtained (Formula (1)). The
values and confidence limits of each constant at 95% confidence are shown in Table S1.

f (x) = 822.8 + 1553 ∗ cos(x∗5 .464) + 916.2 ∗ sin(x∗5 .464)
+584.3 ∗ cos(2∗ x∗5 .464) + 2019 ∗ sin(2∗ x∗5 .464)
−1162 ∗ cos(3∗ x∗5 .464) + 1696 ∗ sin(3∗ x∗5 .464)
−1613 ∗ cos(4∗ x∗5 .464) + 51.8 ∗ sin(4∗ x∗5 .464)
−621.1 ∗ cos(5∗ x∗5 .464)− 762 ∗ sin(5∗ x∗5 .464)
+102 ∗ cos(6∗ x∗5 .464)− 417.6 ∗ sin(6∗ x∗5 .464)
+93.34 ∗ cos(7∗ x∗5 .464)− 51.8 ∗ sin(7∗ x∗5 .464)

(1)

(2) Establishment of the fitting equation between the beating degree and the soluble
solids.

Matlab R2017a was used to fit the values of the soluble solid content and beat-
ing degree, and the fitting equation of the Fourier transform distribution was obtained
(Formula (2)). The values and confidence limits of each constant at 95% confidence are
shown in Table S2.

f (x) = −3387 + 1894 ∗ cos(x∗8 .213) + 6240 ∗ sin(x∗8 .213)
+4649 ∗ cos(2∗ x∗8 .213)− 3242 ∗ sin(2∗ x∗8 .213)
−3667 ∗ cos(3∗ x∗8 .213)− 2506 ∗ sin(3∗ x∗8 .213)
−452 ∗ cos(4∗ x∗8 .213) + 2940 ∗ sin(4∗ x∗8 .213)
+1461 ∗ cos(5∗ x∗8 .213)− 581.9 ∗ sin(5∗ x∗8 .213)
−501.9 ∗ cos(6∗ x∗8 .213)− 327.9 ∗ sin(6∗ x∗8 .213)
+24.22 ∗ cos(7∗ x∗8 .213) + 129.3 ∗ sin(7∗ x∗8 .213)

(2)

The goodness of fit of the obtained fitting equation was tested, and the results are
shown in Table S3.

When the reducing sugar content was 2.2 mg/mL, the beating degree predicted
according to Formula (1) was approximately 35.05◦SR, and the error from the actual
measured value was 1.26%; at this time, the soluble solid content was 1.64%. The beating
degree predicted according to Formula (2) was approximately 35.57◦SR, and the error from
the actual value was 0.20%. Briefly, from the comparison of the goodness of fit of the above
two equations, it was found that the fit equations of the degree of beating and soluble solid
content are better than those of the degree of beating and reducing sugar content. Therefore,
in the actual production process, one can choose to use the fitting equations of the beating
degree and soluble solid content for the online control of the beating process.

3.6. Scanning Electron Microscopy Analysis of the Pulping Effect

Compared with the blank control without enzyme treatment, the use of xylanase
increases the curvature of the fiber, and a small amount of fiber is separated; consequently,
many fine fibers appear on the surface edge of the fiber. Compared with the xylanase-
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treated wheat straw case, the change in the fiber surface of the wheat straw treated with
pectinase is noticeable, and more flakes of fiber are detached and attached to the whole
fiber surface (as shown in Figure S1).

3.7. Infrared Analysis of the Pulping Effect

In the study of pulp properties, FT-IR is mainly used for the qualitative analysis of
raw fiber, mainly through the analysis of the characteristic functional groups of fibrous
substances to preliminarily determine the structural changes in the fibrous substances.
Figure S2 shows a strong absorption band at 3408 cm−1, corresponding to the O–H bond
stretching vibration of the untreated wheat straw, which indicates that the wheat straw
fiber swells easily at this time. In addition, the absorption band at 1055 cm−1 may be
assigned to the stretching vibration of the alkoxy group in the acetyl moiety and that of the
carbon–oxygen double bond. After chemical and mechanical treatments, the absorption
band intensities at 3408 and 1055 cm−1 decreased considerably, indicating that the struc-
ture of the hemicellulose was destroyed to some extent. The decrease in the absorption
band intensities at 1512 and 1245 cm−1 also indicated that the structure of the lignin was
destroyed considerably after treatment.

After the wheat straw was treated with different enzymes, FT-IR analysis was carried
out on the pulp samples. The absorption band at 3418 cm−1, corresponding to the –OH
stretching vibration in the pulp samples treated with xylanase and pectinase, was the
strongest, indicating that more phenolic hydroxyl groups were produced and the hydration
degree of the pulp was high. The formation of hydrogen bonds in cellulose reduces the
hygroscopicity of fiber and paper. The strength of paper depends on the strength of the
fiber itself and the bonding strength between the fibers. The beating process refines the
fibers and exposes more hydroxyl groups on the surface. When the fibers are pulped in the
paper machine and the paper is dried, hydrogen bonds are formed between the fibers, and
the binding force is increased, resulting in a certain paper strength [33]. The absorption
bands of the blank control at 1460 and 1423 cm−1 were significantly different from those
after the enzyme treatment, indicating that enzyme treatment could change the benzene
ring structure of lignin. The band at 1046 cm−1 corresponds to the symmetric stretching
vibration of the C–O–C glycosidic bond. Compared with the blank control, the increase
of absorption band intensity indicated the increase of cellulose content. Other functional
groups and characteristic substances with notable structural changes are listed in Table 3.

Table 3. FT-IR spectrum analysis after enzyme treatment.

Wavemunber (cm−1) Corresponding Structure

3348–3408 O–H stretching vibration
2895–2902 C–H stretching vibration, CH3, CH2
1595–1597 Stretching vibration of benzene ring (lignin)

1460 CH2 deformation vibration, Carbon skeleton vibration of benzene ring
1423 CH2 shear vibration, CH2 bending vibration (lignin), Benzene ring vibration

1365–1371 C–H bending vibration
1327–1228 C–O–C stretching vibration (lignin phenol ether bond), Syringyl, Condensation guaiacol
1232–1234 Acetyl and hydroxyl vibration, Syringa type C=O stretching vibration
1034–1056 C–O–C glucoside bond symmetric stretching vibration

3.8. X-ray Diffraction Analysis of the Pulping Effect

Compared with that of the untreated wheat straw, the peak intensities of the crystal-
lization zone of the mechanically and chemically treated wheat straw decreased, and the
crystallinity index decreased from 71.98% to 49.04%. According to Figure S3, the corre-
sponding crystallinity indexes of the pulp treated by the enzymes are shown in Table 4. By
comparison, it was found that the crystallinity of cellulose increased by varying degrees
depending on the treatment, and the same conclusion has been reported elsewhere [34].
The crystallinity index of wheat straw increased by 1.19% after pectinase treatment, which
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was mainly because pectinase degraded the free poly galacturonic acid in pulp, reduced
the anion waste in the system, reduced the proportion of amorphous area and increased
the crystallization zone. The increase in the crystallinity of the pulp will increase its phys-
ical strength considerably. Notably, the effect of xylanase was the most significant. The
crystallinity index of the wheat straw was the lowest after xylanase treatment: only 0.49%
higher. The addition of xylanase degraded a part of the hemicellulose, which reduced the
noncrystallized zone (mainly in the form of a noncrystalline zone) in the pulp, consequently
increasing the crystallinity. Raw material and final pulp effect are shown in Figure S4.

Table 4. Comparison of the cellulose crystallinity index under different treatment conditions.

Blank Control Xylanase Pectinase Xylanase + Pectinase

Crystallinity
index (CrI%) 49.04 49.53 50.23 51.09

4. Conclusions

In response to the problems of low yield and serious pollution in chemical pulping,
we propose a biomechanical pulping method that combines xylanase and pectinase treat-
ment under normal temperature and pressure conditions, which can reduce the dosage of
drugs and the generation of pulping wastewater. The application of biological enzymes
promotes the dissociation of cellulose, hemicellulose, lignin and other components in wheat
straw, reduces the difficulty and improves the efficiency of pulping. At the same time,
by establishing fitting equations for beating degree, reducing sugar and soluble solids,
real-time monitoring of reducing sugar, soluble solids and other indicators can be achieved
to achieve online control of important indicators such as beating degree in pulping, which is
conducive to improving the automation level of straw pulping. In addition, some methods
were used to characterize the pulping effect of the composite enzyme, and the results
proved that the addition of complex enzymes had a significant positive influence on the
pulping effect.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15244637/s1, Table S1. Values and confidence limits of
the parameters in Formula 1 with 95% confidence; Table S2. Values and confidence limits of the
parameters in Formula 2 with 95% confidence; Table S3. Goodness of fit test of the fitting equation;
Figure S1. Scanning electron microscopy images of the blank control, xylanase, and pectinase treated
wheat straw (from left to right); Figure S2. Fourier transform infrared image after the enzyme
treatment; Figure S3. X-ray diffraction patterns of the pulp prepared by enzyme pretreatment;
Figure S4. Starting material and final pulping effect.
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Abstract: Among the most promising synthetic biopolymers to replace conventional plastics in
numerous applications is MaterBi® (MB), a commercial biodegradable polymer based on modified
starch and synthetic polymers. Actually, MB has important commercial applications as it shows
interesting mechanical properties, thermal stability, processability and biodegradability. On the
other hand, research has also focused on the incorporation of natural, efficient and low-cost active
compounds into various materials with the aim of incorporating antimicrobial and/or antioxidant
capacities into matrix polymers to extend the shelf life of foods. Among these is ellagic acid (EA),
a polyphenolic compound abundant in some fruits, nuts and seeds, but also in agroforestry and
industrial residues, which seems to be a promising biomolecule with interesting biological activities,
including antioxidant activity, antibacterial activity and UV-barrier properties. The objective of this
research is to develop a film based on commercial biopolymer Mater-Bi® (MB) EF51L, incorporating
active coating from chitosan with a natural active compound (EA) at two concentrations (2.5 and
5 wt.%). The formulations obtained complete characterization and were carried out in order to
evaluate whether the incorporation of the coating significantly affects thermal, mechanical, structural,
water-vapor barrier and disintegration properties. From the results, FTIR analysis yielded identifica-
tion, through characteristic peaks, that the type of MB used is constituted by three polymers, namely
PLA, TPS and PBAT. With respect to the mechanical properties, the values of tensile modulus and
tensile strength of the MB-CHI film were between 15 and 23% lower than the values obtained for the
MB film. The addition of 2.5 wt.% EA to the CHI layer did not generate changes in the mechanical
properties of the system, whereas a 5 wt.% increase in ellagic acid improved the mechanical properties
of the CHI film through the addition of natural phenolic compounds at high concentrations. Finally,
the disintegration process was mainly affected by the PBAT biopolymer, causing the material to not
disintegrate within the times indicated by ISO 20200.

Keywords: Mater-Bi®; ellagic acid; chitosan; coating

1. Introduction

Nowadays, the main concerns in the food industry are oriented towards two different
directions. The first one is related to food safety, preservation and quality assurance,
and while second is the reduction in plastic packaging waste. One way to address these
problems is the development of compostable and/or biodegradable materials to reduce
environmental contamination without losing safe food [1]. Due to this, the development of
biopolymers provides a pathway to accomplishing a sustainable environment by reducing
dependency on non-renewable fossil fuel raw materials [2].

Currently, the most important polymers on the market are divided into three sub-
groups as follows: polymers based on renewable resources (starch and cellulose); biodegrad-
able polymers based on biodegradable monomers (vegetable oils and lactic acid); and
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biopolymers synthesized by microorganisms [3]. Common degradable materials contain
polyester-based biomaterials synthesized from natural raw polyethers such as polyhydrox-
yalkanoate (PHA) [4], including poly(3-hydroxybutyrate) and polylactide (PLA) poly-β-
hydroxybutyric acid (PHB) [5], TPS [6] and commercial biopolymers, such as Mater-Bi®

(MB) [7].
These biopolymers are becoming more and more relevant in several investigations.

Recently, phenolic extracts have been incorporated into PLA films to extend the shelf life
of different foods [8]. Furthermore, ZnO nanoparticles have been developed as active
functional nanocomposite films by compounding ZnO powder into TPS films [9]. On the
other hand, modified cassava starch and tea polyphenols were compounded with PBAT
to develop biodegradable active films [10]. In this context, within these biopolymers are
some of a commercial character, such as Mater-Bi®, and biodegradable plastic produced
by Novamont S.p.A. (Novara, Italy) developed in the 90s is currently used for different
packaging [11]. Mater-Bi® is a family of biodegradable and/or compostable polymeric
formulations containing thermoplastic starches, which have good thermal stability and
processability, and present high stretchability and toughness [12,13]. The morphological,
mechanical, thermal, chemical and optical properties of this polymer have been studied [14],
and they have also been used for the formulation of emulsions containing dissolved
biopolymers both in the oil and water phases for in vitro hydrophilic and hydrophobic
dual-drug release [15]. The anaerobic biodegradability of the commercial biopolymer has
also been studied [16].

Moreover, another tendency is to focus on reducing the use of additives in foods,
and growing interest in the consumption of minimally processed foods has motivated the
development of new strategies for food protection. In this context, active food packaging
systems have arisen as a new concept for food protection through the incorporation of
active compounds (antimicrobial, antioxidant or antifungal) in a matrix polymer in order
to increase its shelf life without affecting its quality and sensorial properties. Active
compounds are derived from natural sources, such as plants, animals, bacteria, algae and
fungi. These compounds have wide chemical diversity and different functions, which
have allowed the study of their characteristics with the aim of exploring its applications in
different sectors, such as agriculture and biomedicine [17].

Among the diversity of active compounds, there are phytochemicals that are mainly
divided into two groups as follows: (1) phenolic acids that are characterized by having a
ring in their structure; and (2) flavonoids that contain various hydroxyl groups associated
with phenolic groups [18]. Ellagic acid (EA) is a polyphenol dilactone whose chemical
structure is made up two lactone rings and two benzene rings, including two carbonyl
groups and four phenolic hydroxyl groups [19]. As a polyphenol, ellagic acid is widely
found in various soft fruits, nuts and other plant tissues [20]. As far as we know, ellagic
acid has various biologically active functions, such as antioxidant functions, anticancer and
antimutagenic properties, and inhibitory effects on human immunodeficiency virus [21].
Various investigations have focused on the study of the effects of the incorporation of
compounds into different polymeric matrices in response to various requirements. For
this case, ellagic acid has been used in homogeneous, translucent and flexible starch films
for protection of UV rays and antibacterial activity against foodborne pathogens, such
as Gram-positive and Gram-negative bacteria [22]. Additionally, the release of EA from
zein films has been studied for use as wound dressings, evaluating its antioxidant and
antimicrobial capacity [23].

As mentioned above, AE has advantageous properties and could be used for the
development of active packaging [24]. In order to obtain active packaging with potential
antimicrobial and/or antioxidant activity, it is necessary to establish a method for incor-
porating the compound into the polymeric matrix. Among these methods are processes
such as extrusion, coating or coating, solvent dissolution or casting, electrospinning, super-
critical impregnation, among others. In recent years, the technology of coating or coating
has been widely used to generate materials with new and innovative properties. This
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technological and industrial process provides solutions to various sectors, ranging from
packaging, consumer goods, medical products, and textiles to multinationals in the areas
of transport and agricultural [25].

In the coating technique, an active agent is immobilized on the surface of the polymer
matrix. The main advantage of this is that active agents can cover the inner layer of the
package without interfering with the thermal or mechanical process, which results in the
preservation of their highest activity in contact with the food surface [26,27]. Biopolymer-
based coatings deposited on a plastic substrate represent an efficient technique and a
sustainable approach for the development of innovative packaging and a reasonable alter-
native solution to plastic waste disposal issues [28]. Among the compounds used as coating
phase agents is chitosan (CHI), which is a naturally occurring basic polysaccharide that is
gaining consideration due to its innate antimicrobial activity, environmentally friendly na-
ture, abundance and good film-forming ability among the most common biopolymers [29].
Its use is justified by its stable thermal and mechanical properties [30]. Furthermore, among
various biopolymers, chitosan is a beneficial carrier for the controlled delivery of active
ingredients, owing to its proven nontoxicity, absorption capability, biodegradability and
biocompatibility [31].

Recently, chitosan has been used as an antibacterial material in packaging because of
its certain antibacterial properties [32]. Nowadays, it has been used to develop nanosensors,
showing excellent analytical behavior toward glucose sensing [33] as it also presents
advantageous biological characteristic properties that make it an excellent biomaterial to
be employed in skin tissue engineering [34]

In view of the above, the objective of this study is to develop a film based on a com-
mercial polymer, incorporating a coating of chitosan with a natural active compound at two
concentrations (2.5 and 5 wt.%). The formulations that obtained complete characterization
were carried out in order to evaluate whether the incorporation of the coating significantly
affects thermal, mechanical, structural, water-vapor barrier and disintegration properties.

2. Materials and Methods
2.1. Materials and Reagents

In this study, Mater-Bi® (MB) EF51L from Novamont (Novara, Italy), ellagic acid (EA)
powder from tree bark (C14H6O8, ≥95.0%) from Aldrich®Chemistry (St. Louis, MO, USA),
sodium hydroxide (NaOH pellets, ≥99.0%) from Merk (Darmstadt, Germany), acetic acid
(CH3COOH, ≥99.0%, Merk), and chitosan (CHI) at a low molecular weight with a degree
of deacetylation (DDA) of 98% (Sigma-Aldrich, St. Louis, MO, USA) at a concentration at
2% solution in 1% of CH3COOH were used.

2.2. Preparation of Biopolymers (MB)

Films were obtained from Mater-Bi® EF51L pellets via the extrusion process using
a Scientific LabTech LTE20 twin-screw extruder (Samutprakarn, Thailand). The temper-
ature profile was between 120 and 180 ◦C, with screw and feed speeds of 30 and 20 rpm,
respectively.

2.3. Chitosan (CHI) and Ellagic Acid (EA) Active Coating Composition

In Figure 1, a schematic diagram of the process of obtaining the active coating can be
observed. Firstly, the coating was prepared by dissolving 2% (w/v) low-molecular-weight
chitosan in aqueous acetic acid 1% (v/v). Simultaneously, EA solutions were prepared
by dissolving EA in 0.015 M NaOH [22]. The mixtures of CHI and EA (2.5 and 5 wt.%)
solutions were homogenized by mechanical stirring for 3 h at 25 ◦C. Before incorporating
the active coating, corona treatment (Corona FT-800 equipment) was carried out with an
intensity of 0.5 m volts at a speed of 1.8 m/s into MB. Finally, coating was performed using
RK Print K303 equipment (Royston, UK).
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Figure 1. Schematic diagram of the process of obtaining active commercial biopolymers (a) coating
composition and (b) incorporation active coating.

2.4. Characterization of Biopolymers (MB) and Active Coating Biopolymers
2.4.1. Attenuated Total-Reflectance Fourier-Transform Infrared (ATR-FTIR) Spectroscopy

FTIR spectra of the films were obtained using a Bruker Alpha spectrometer, equipped
with a total-reflection diamond-crystal accessory (Bruker®, Platinum) with a resolution of
4 cm−1 over a wavenumber range of 4000 to 400 cm−1 with 24 scans. Spectra analysis was
performed using OPUS® Software version 7 (Billerica, MA, USA).

2.4.2. Thermal Properties
Differential Calorimetry Scanning (DSC)

The assays were carried out by means of differential scanning calorimetry (DSC),
using a Mettler Toledo DSC model 822e (Schwarzenbach, Switzerland) in a 0 to 300 ◦C
temperature range. The heating scan of the samples was conducted at 10 ◦C min−1 and
samples of 8–10 mg were placed in hermetically sealed capsules.

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) tests were performed with a Mettler Toledo Gas
Controller GC20 Stare System TGA/DCS (Schwarzenbach, Switzerland). Samples of
approximately 8–10 mg were heated from 25 to 500 ◦C at 10 ◦C min−1 under a nitrogen
atmosphere.

2.4.3. Mechanical Properties

Tensile strength, elongation at break and modulus of elasticity for each material were
measured at room temperature with a Zwick Roell model BDO-FT 0.5 TH Tensile Tester,
according to ASTM D-882 over 100% elongation. Tests were performed in rectangular
probes (10 cm × 2.5 cm) at 25 ◦C and 50% relative humidity for 48 h before the test.
Analyses were carried out with a 1 kN load cell. Initial grip separation was 5 cm and the
crosshead speed used was 50 mm min−1. The results are the average of 10 specimens for
each film.
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2.4.4. Water-Vapor Permeability

The water-vapor transmission rate was determined using permeability cells and films
with an area of 4 cm2. Measurements were performed under ASTM F1249-90 at 37.8 ◦C and
97.3% relative humidity, recording the mass of the films daily using a Shimadzy Aux120
digital balance (Kyoto, Japan).

2.4.5. Disintegration under Composting Conditions

Disintegration under composting conditions was performed by following the
ISO-20200 standard [35]. Solid synthetic waste was prepared by mixing 10% of compost
commercial, 30% rabbit food, 10% starch, 5% sugar, 1% urea, 4% corn oil and 40% sawdust,
and it was mixed with water in a 45:55 ratio. Water was added periodically to the reaction
container to maintain relative humidity in the compost [36]. MB, MB-CHI, MB-CHI-EA
2.5% and MB-CHI-EA 5% samples were prepared (square 2.5 × 2.5 cm), and they were
buried 6 cm deep in plastic reactors containing solid synthetic wet waste. Each sample
was contained in a textile mesh to allow their easy removal after treatment, while also
allowing the access of microorganisms and moisture [37]. Reactors were introduced in an
air circulation oven (Universal Oven UN110 Memmert, Schwabach, Germany) at 58 ◦C
for 90 days. Aerobic conditions were guaranteed by periodical gentle mixing of the solid
synthetic wet waste [36]. Extraction of the disintegrated samples was carried out from
the day after the start of the process (day 0) during defined time intervals (1, 3, 7, 14, 21,
28, 36, 50, 57, 64 and 90 days), washed with distilled water, dried in an oven at 37 ◦C for
24 h and weighed. Photographs with digital camera (Canon IXUS 195. Amstelveen, The
Netherlands) were taken to all samples once extracts from the composting medium for
visual comparison. Meanwhile, the disintegration degree was calculated by normalizing
the sample weight each day of incubation to the initial weight. In order to determine the
time at which 50% of each film was degraded, disintegrability degree values were fitted
using the Boltzmann equation [37].

2.5. Statistical Analysis

A randomized experimental design was considered for the experiments. Data analyses
were carried out using Statgraphics Centurion XVIII (StatPoint Technologies, Warrenton,
VA, USA). This software was used to implement variance analysis and Fisher’s LSD test.
Differences were considered significant at p < 0.05.

3. Results and Discussion
3.1. Attenuated Total-Reflectance Fourier-Transform Infrared (ATR-FTIR) Spectroscopy

Figure 2 shows that the MB FTIR spectrum reveals the presence of bands attributable
to three polymers, namely poly (lactic acid) (PLA), poly-butylene-adipate-co-terephthalate
(PBAT) and starch. The most characteristic peaks of PLA are at 2944 cm−1 and 2995 cm−1,
attributed to symmetrical and asymmetrical vibrations of axial CH groups in saturated
hydrocarbons (CH3) at 1082 and 1128 cm−1, where peaks of the C–O stretching bond of
the polymer can be seen [38,39]. On the other hand, the characteristic functional groups
of PBAT are located at 3000 cm−1 due to C–H stretching of the aliphatic and aromatic
fractions, at 1720 cm−1 for the presence of C=O carbonyl groups in ester linkages and
at 1274 cm−1, representing C–O in ester linkages. The bands recognized at 1574 cm−1,
1496 cm−1, 1456 cm−1 and 1019 cm−1 can be assigned to the stretching of phenylene
groups, whereas the sharp band located at 720 cm−1 is characteristic of four or more
adjacent –CH2– methylene groups. Furthermore, bending modes of benzene substitutes
can be recognized in the spectral range of 700–900 cm−1 [14]. Finally, absorption bands
related to the starch-based fraction can be found at 1445–1325 and 1250–900 cm−1 [38,40].
In addition, it is possible to observe a slight intensity increase in –NH and –OH stretching
vibrations of chitosan when loaded with EA, indicating enhanced hydrogen bonding
interactions involving –OH groups of EA with biopolymer –NH and –OH groups [41].
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In addition, it is possible observe an increase associated with the bands at
3004–2830 cm−1 between the MB and MB-CHI biopolymers. This behavior could be
due to the overlapping of νCH vibrations in the CH3, CH2 and =CH2 groups coming from
biopolymers and chitosan coating [1] that incorporated active coating which causes the
same band to decrease due to low affinity of EA in the hydrophilic coating.

The EA spectrum shows three bands at 3562 cm−1, 3468 cm−1 and 3149 cm−1, corre-
sponding to the axial stretch of OH. The bands at 1656 cm−1, 1600 cm−1, 1710 cm−1 and
1157 cm−1 are associated with the aromatic C=C stretch, C–C stretch, C=O stretch and
C–O–C, respectively. The band at 1348 cm−1 corresponds to the hydrogen bonds (HO–H).
Finally, the band at 758 cm−1 indicates the presence of the phenyl ring [42].

3.2. Differential Calorimetry Scanning (DSC)

DSC analysis was performed to determine the effect of active coating on the thermal
transitions of MB; the results are shown in Figure 3, and in Figure 3a, it is possible recognize
three endothermic peaks. The first peak at ~61 ◦C is related the glass transition (Tg) of
PLA [43], the second endothermic peak at ~119 ◦C corresponds to the melting of PBAT
(Tm1), which is found between 115 and 125 ◦C [44], and the last peak ~160 ◦C (Tm2) is
related to the melting of PLA [39]. With respect to the TPS, Surendren and coworkers
indicated that the endothermic peaks between 165 ◦C and 180 ◦C could belong to the
melting temperature (Tm) of thermoplastic starch (TPS) [45], while other research indicates
that TPS has a wide melting range between 160 and 380 ◦C, which depends on the botanical
origin and proportion of the starch the amylose/amylopectin ratio of the starch structure,
in addition to the plasticizer used and the plasticizing conditions [46]. The behavior of Tg,
Tm1, Tm2 and Tc is similar to that reported by Bianchi and Morreale (2023). They studied
the thermal properties of PLA/PBAT, where it was possible to observe the first- and second-
order temperatures associated with each polymer. With respect to PLA, two temperatures
were identified, namely the glass transition temperature (60 ◦C) and the melting temper-
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ature (155 ◦C); meanwhile, the crystallization (78 ◦C) and melting (117 ◦C) temperatures
correspond to PBAT [47]. These results are in accordance with the structural properties.
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The incorporation of CHI-EA active coating caused a slight decrease in Tg, Tm1 and
Tm2 due to the plasticizing effect. On the other hand, in Figure 3b, it is possible to observe
a decrease in the crystallization peak, which could be due to the hydrogen bonding of
the carbonyl group of the biopolymers and the OH and NH2 groups in chitosan; these
interactions occur in the amorphous regions, suppressing the extent of crystallization [22].

3.3. Thermogravimetric Analysis (TGA)

TGA is a very important technique used to evaluate the thermal stability of com-
mercial biopolymers and active coating biopolymers. TGA and the first derivative (DTG)
thermograms of different samples are illustrated in Figure 4. When evaluating the weight
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loss of MB, three mass losses are observed around 324, 336 and 400 ◦C, which describe the
degradation of different biopolymers of the commercial sample.
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Figure 4. TGA and DTGA curves obtained for biopolymers and active coating biopolymers.

Different researchers have been able to establish degradation temperature ranges
between 50 and 320 ◦C for thermoplastic starch (TPS), which can be correlated with the
elimination of water, glycerol and other low-molecular-weight compounds [48–50]. The
temperatures range from 30 to 200 ◦C, which represents the evaporation of water ad-
sorbed by starch and the plasticizers used, together with the evaporation of low-molecular-
weight compounds [51] at ~320 ◦C, which represents the degradation of amylose and
amylopectin [46].

It has been reported that the thermal degradation temperature of PLA ranges from 304
to 380◦C [43,51]. Meanwhile, PBAT has a degradation temperature range between 390 and
410 ◦C [52,53]. Based on the literature, the first degradation inflection (324 ◦C) is attributed
to TPS degradation, while the second (336 ◦C) corresponds to PLA decomposition and the
third inflection (400 ◦C) corresponds to PBAT.

On the other hand, if the films with and without coating are compared, the latter show
early minor weight loss (~100 ◦C), which is attributed to the desorption of moisture as
hydrogen-bound water and acetic acid are present in the coating [54]. Furthermore, in
films with coating, another inflection was observed close to 300 ◦C. Similar behavior was
described by Vilela and coworkers (2017), who identified that chitosan presented a weight
loss temperature at about 290 ◦C associated with the degradation of the CHI skeleton [22].
Meanwhile, Bonilla and coworkers associated this inflection to the degradation of the
polymer structure, including the dehydration of saccharide rings and the decomposition
of acetylated and deacetylated units at 298.3 ◦C [55]. The results point to the fact that the
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thermal stability of MB is not affected for CHI/EA active coating because of the presence
of EA, due to most probably due to low loadings.

3.4. Mechanical Properties and Water-Vapor Permeability

The effect of the addition of a chitosan (CHI) coating layer, with different concen-
trations (2.5 and 5%) of ellagic acid (EA), on the mechanical properties of films based on
Mater-Bi® (MB) as a polymeric substrate was analyzed following the method detailed in
Section 2.4.3.

Table 1 shows the tensile modulus (TM), tensile strength (TS) and elongation at break
(EB) of the MB film, the MB biopolymer coated with chitosan (MB-CHI) and the MB
biopolymer coated with CHI layers loaded with EA at 2.5% (MB-CHI-EA 2.5%) and 5%
(MB-CHI-EA 5%). The MB monolayer film presented TM, TS and EB values consistent
with the literature data [14]. TM and TS values for the MB-CHI film, composed of an MB
substrate layer coated with a low-molecular-weight (MW) chitosan layer, were 15 and 23%
lower than the values obtained for the MB film, respectively.

Table 1. Mechanical properties for the different samples developed.

Samples Thickness (µm) Tensile Modulus—TM
(MPa)

Tensile Strength—TS
(MPa)

Elongation of Break—EB
(%)

MB 109 ± 7 a 286 ± 20 c 31 ± 3 b 670 ± 79 b

MB-CHI 161 ± 5 b 244 ± 15 a 24 ± 2 a 568 ± 54 a

MB-CHI-EA 2.5% 171 ± 15 c 335 ± 21 b 25 ± 2 a 565 ± 67 a

MB-CHI-EA 5% 183 ± 20 c 267 ± 22 d 30 ± 3 b 722 ± 94 b

Mean value (n = 10) ± SD. Parameters in columns denoted with the same letters (a–d) do not differ statistically at
the level of confidence (0.05).

The effect of a CHI coating layer added over a polymer substrate using a solvent-based
process on the mechanical properties of the resulting bilayer film depends on the balance
between the plasticizing effect of the organic solvent on the polymer substrate and the
reinforcing effect of the added CHI layer. Particularly, the polymer substrate reinforcement
degree, achieved by adding a CHI layer is influenced by, among other factors, the molecular
weight (MW) of CHI. Zhang and coworkers (2022) reported that the mechanical properties
of CHI films, including TM and TS, significantly increased as the MW of CHI increased
from 30 to 200 kDa [56]. In this context, effective increases in the mechanical properties
of different biopolymeric substrates have been reported using CHI layers with medium
and high MW, instead of using CHI layers with low MW. On the other hand, Fiore and
coworkers (2021) reported a significant increase in TM and TS of poly acid(lactic) (PLA)
films coated with a layer of CHI of medium MW [57]. In other work, such as that reported
by Tanpichai and coworkers (2022), an increase in TM and TS of cellulose-based paper due
to its coating with a layer of CHI of high MW was reported. The authors attributed this
enhancement to the filling of voids between cellulose fibers with CHI and to the formation
of additional hydrogen bonds between the anionic charges of cellulose and the cationic
charges of CHI [58].

In this context, the decrease in TM and TS in the MB-CHI film, with respect to the
monolayer MB film, could be related to the plasticizing effect of the CHI solution on the
polymer structure and to the decrease in polymer substrate crystallinity. Both phenomena
were reported in Section 3.2 and seem to be dominant over the reinforcing effect of adding
a layer of CHI of low MW. On the other hand, it seems that CHI coating limits the extension
capacity of the resulting MB-CHI film, decreasing EB from 670% to 568%. This behavior has
been previously reported for other biopolymeric systems using a CHI layer as coating [57].

On the other hand, the addition of EA at 2.5% to CHI coating did not generate changes
in the mechanical properties of the bilayer system (MB-CHI-EA 2.5%), with respect to the
system without EA (MB-CHI). This fact agrees with the results reported by Vilela (2017),
who reported production by solvent casting CHI films with EA up to 5% [22]. The opposite
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behavior was found in our study by adding EA at 5 % to the CHI layer. Particularly, TM
and TS values for the MB-CHI-EA 5.0% film were higher than the values obtained for
the MB-CHI system. The improvement in the mechanical properties of CHI films via the
addition of naturally occurring phenolic compounds at high concentrations has previously
been reported. Siripatrawan and Harte reported an increase in tensile modulus from 23.66
to 27.55 by adding green tea extract (GTE) up to 20%. The authors attributed this fact to the
interaction between the CH matrix and phenolic compounds of GTE. Finally, the increase in
EB in the bilayer system due to the addition of EA at 5% could be related to the plasticizing
effect on the polymer structure [59].

Table 2 shows the water-vapor permeability for different developed samples. From
these results, it can be observed that the water-vapor permeability of the MB film remained
unalterable after the addition of CHI and the activation of CHI-EA coating. These results
agree with the results reported for other biopolymers coated with CHI, such as cellulose-
based paper [58], as well as with the results reported for biopolymers coated with a CHI
layer loaded with naturally occurring phenolic compounds, such as PLA film coated with
CHI, incorporated with rosemary essential oil at 2% [57].

Table 2. Water-vapor permeability for the different samples developed.

Samples WVP (g/m2/día)

MB 7.4 × 10−14 ± 5 × 10−15 a

MB-CHI 4.9 × 10−14 ± 3 × 10−15 b

MB-CHI-EA 2.5% 8.20 × 10−14 ± 1, 8 × 10−15 a

MB-CHI-EA 5% 7.6 × 10−14 ± 7 × 10−15 a

Mean value (n = 10) ± SD. Parameters in columns denoted with the same letters (a,b) do not differ statistically at
the level of confidence (0.05).

3.5. Disintegration under Composting Conditions
3.5.1. Visual Appearance of Films during Composting

The visual inspection carried out of MB, MB-CHI and MB-CHI-EA (2.5 and 5%)
after times of disintegration under composting conditions are shown in Figure 5a. From
the results, it is possible to observe the slow rate of disintegration of the samples under
composting conditions. After only 1 day of incubation, most of the formulations changed
their color and became opaquer, losing transparency, which provoked a change in the
refraction index of the materials as a result of water absorption and/or the presence of
low-molecular-weight compounds formed by an enzymatic attack on the glycosidic bonds
of the starch component of the Mater-Bi matrix [37].

After just 7 days, the samples presented signs of erosion, and aspect was greatly
changed due to contact with the organic waste matrix presenting organic matter deposition
on the surface. At day 50, some samples just started to break. The samples with the
incorporation of CHI and CHI-EA (2.5 and 5%) that were still recoverable at 90 days
presented slow degradation compared to other biopolymers.
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3.5.2. Disintegration Degree of Films during Composting

Visual observations were confirmed by calculating the disintegration degree in terms
of mass loss as a function of incubation time using the Boltzmann function to correlate
the sigmoidal behavior of the mass loss during disintegrability in the composting process,
which is also presented in Figure 5b. From the image, it can be observed that all the samples
reached a degree of disintegration of appropriately 70% with respect to their weight loss;
however, these values do not comply with current legislation for biodegradable materials,
which indicates that after a maximum time of 12 weeks, the samples must reach a degree of
disintegration equal to or greater than 90% [35].

As discussed in Section 3.1, this commercial biopolymer is made up of PLA, TPS
and PBAT. Regarding PLA, different research indicates that these biopolymers present a
higher rate of disintegration when compared with the other biopolymers that make up MB.
Villegas and coworkers (2019) studied the disintegration of PL. In their study, on day 7,
small pieces of the analyzed polymers were collected due to physical and/or chemical
degradation of the polymer, which occurred because it lost flexibility [46]. Due to this, PLA
hydrolysis begins in the amorphous region of the polymer structure. Additionally, it has
been reported that the intensity of the –C=O band increases with the composting time due
to hydrolytic degradation, resulting in an increase in the number of carboxylic end groups
in the polymer chains [36].

The degradation of TPS starts with non-enzymatic hydrolysis, which leads to a sig-
nificant molar weight reduction, followed by enzyme action from the microorganisms
present in the compost medium throughout the bulk of the polymeric matrix [60], as well
as the biodegradation of starch-based polymers is a result of an enzymatic attack at the
glucosidic linkages of the long-chain sugar units, leading to their breakdown into oligosac-
charides, disaccharides and monosaccharides that are readily accessible to enzymatic
attacks [61]. Sessini and coworkers (2019) studied thermal degradation and disintegrability
under composting conditions of melt-processed blends based on ethylene-vinyl acetate
and thermoplastic starch, such as EVA/TPS, as well as their nanocomposites, reinforced
with natural bentonite. The results of the disintegration test showed that EVA/TPS blends
and their nanocomposites presented positive interactions, which delay the disintegration
of the TPS matrix in compost, thus improving TPS stability reaching 100% disintegrability
in less than 60 days [60]. Meanwhile, blending biodegradable polymers, such as TPS, with
non-biodegradable polymers, such as EVA, leads to an increase in compostable polymer
percentage in partially degradable materials, giving a possible solution for the end-life of
these materials after their use.

It is reported that the degradation of PBAT under composting conditions is consider-
ably slower than that of PLA [62]. It is important to note that neat PLA almost degrades at
16 days, while a much longer incubation time is required to degrade PLA/PBAT blends and
PBAT [63]. Recently, an investigation indicated that PBAT is a synthetic aromatic-aliphatic
co-polyester with a molecular structure more complex than starch [64]. As such, it takes a
longer period of time to be completely assimilated by microorganisms and transformed
into stable products, and it is much more likely to subjected to process conditions, such
as insufficient moistening content [65]. It has also been reported that PBAT disintegration
is much slower and can take up to 12 weeks to disintegrate by 40% [66], although other
authors have reported that PBAT takes 230 days to reach just 35% disintegration under
the same composting conditions in this study (ISO 20200) because its structure must be
hydrolyzed before microorganisms consume it as a source of nutrients [67]. On the other
hand, Xie and coworkers (2023) developed large-size reed-reinforced PBAT composites
with different filler degrees, and the properties and biodegradation behavior of the com-
posites were investigated. With respect to the enzymatic degradation tests, it has been
shown that the degradation rates of the composites were all greater than those of PBAT,
and they all conformed to the surface erosion degradation mode. Furthermore, the main
site of an enzymatic attack on PBAT during degradation is the ester bond, which breaks
and increases the hydroxyl and carboxyl groups [68].
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Similar results to this investigation were obtained by Aldas and coworkers (2021). They
blended Mater-Bi® NF866 with different additives to produce bio-based and compostable
films for food packaging or agricultural mulch films. Disintegration was carried out in a
test under composting conditions in which Mater-Bi® reached 28% disintegrability over
the 180 days of the composting test [16].

These results indicate that the disintegration of MB depends on the polymers that con-
stitute it, but in this case, it stands out that TPS and PLA are easily biodegradable polymers,
mainly due to the fact that starch-based materials are more available to microorganisms,
improving the degree of disintegration; meanwhile, the high content of PBAT in the matrix
explains the low disintegration degree of the material.

4. Conclusions

The effect of the addition of a chitosan (CHI) coating layer with different concentrations
(2.5 and 5 wt.%) of ellagic acid (EA) on a commercial Mater-Bi® (MB) biopolymer was
studied. From the results regarding structural (FTIR) and thermal properties (DSC and
TGA), it was possible to identify different temperatures and peaks associated with the three
following biopolymers: PLA, TPS and PBAT.

With respect to the incorporation of CHI-EA, active coating caused a slight decrease in
Tg, Tm1 and Tm2 due to the plasticizing effect; moreover, the addition of EA at 2.5 wt.% to
the CHI layer did not generate changes in the mechanical properties of the system, while
an increase in ellagic acid 5 wt.% improved the mechanical properties of CHI films by the
addition of naturally occurring phenolic compounds at high concentrations. Regarding
mechanical properties, the tensile modulus and tensile strength values of the MB-CHI film,
composed of an MB substrate layer coated with a low-molecular-weight chitosan layer,
were 15 and 23% lower, respectively, than the values obtained for the MB film. The effect
of a CHI coating layer added over a polymer substrate via a solvent-based process on the
mechanical properties of the resulting film depends on the balance between the plasticizing
effect of the organic solvent on the polymer substrate and the reinforcing effect of the added
CHI layer. Finally, during the disintegration process, all the samples reached a degree
of disintegration of appropriately 70% with respect to their weight loss; however, these
values do not comply with current legislation for biodegradable materials, which indicates
that after a maximum time of 12 weeks, the samples must reach a degree of disintegration
equal to or greater than 90%. PBAT is principally responsible for this slow degradation
because it takes a longer period of time to be completely assimilated by microorganisms
and transformed into stable products.
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Abstract: Enzyme immobilization on various carriers represents an effective approach to improve
their stability, reusability, and even change their catalytic properties. Here, we show the mecha-
nism of interaction of cysteine protease bromelain with the water-soluble derivatives of chitosan—
carboxymethylchitosan, N-(2-hydroxypropyl)-3-trimethylammonium chitosan, chitosan sulfate, and
chitosan acetate—during immobilization and characterize the structural features and catalytic prop-
erties of obtained complexes. Chitosan sulfate and carboxymethylchitosan form the highest number
of hydrogen bonds with bromelain in comparison with chitosan acetate and N-(2-hydroxypropyl)-
3-trimethylammonium chitosan, leading to a higher yield of protein immobilization on chitosan
sulfate and carboxymethylchitosan (up to 58 and 65%, respectively). In addition, all derivatives
of chitosan studied in this work form hydrogen bonds with His158 located in the active site of
bromelain (except N-(2-hydroxypropyl)-3-trimethylammonium chitosan), apparently explaining a
significant decrease in the activity of biocatalysts. The N-(2-hydroxypropyl)-3-trimethylammonium
chitosan displays only physical interactions with His158, thus possibly modulating the structure
of the bromelain active site and leading to the hyperactivation of the enzyme, up to 208% of the
total activity and 158% of the specific activity. The FTIR analysis revealed that interaction between
N-(2-hydroxypropyl)-3-trimethylammonium chitosan and bromelain did not significantly change the
enzyme structure. Perhaps this is due to the slowing down of aggregation and the autolysis processes
during the complex formation of bromelain with a carrier, with a minimal modification of enzyme
structure and its active site orientation.

Keywords: bromelain; enzyme immobilization; carboxymethylchitosan N-(2-hydroxypropyl)-3-
trimethylammonium chitosan; chitosan sulfate; chitosan acetate

1. Introduction

Molecules of natural origin are the object of interest for the development of novel drugs
and biomaterials due to their physiological activity and the demand for novel therapeutic
technologies to be biocompatible and stable in formulations aimed at their preservation

Polymers 2022, 14, 5110. https://doi.org/10.3390/polym14235110 https://www.mdpi.com/journal/polymers170



Polymers 2022, 14, 5110

and administration [1–5]. Chitosan has been used in various biomedical applications,
mainly as a drug carrier for enzymes and peptides, wound-healing accelerator, fat binder,
and hemostatic and antimicrobial agent [6]. The molecular structure of this polymer
has been offered as an opportunity to add specific mechanical, chemical, or biological
characteristics to its conjugations with other molecules [7,8]. The functionalization of
chitosan is possible since it possesses functional groups (amino and hydroxy) that are
free to bind with other molecules. Chitosan derivatives have demonstrated promising
applications in various fields, such as tissue engineering, biomolecule delivery, protection
against infections, etc. [9].

Proteases are produced by all organisms—plants, animals, fungi, and bacteria. Brome-
lain, the protease from the pineapple, is widely used for the treatment of cardiovascular
diseases, disorders of blood coagulation and fibrinolysis, infectious diseases, and many
types of cancer [10]. Moreover, due to the antiviral, anti-inflammatory, cardioprotective,
and anticoagulant activity of bromelain, the enzyme has been suggested as adjunctive ther-
apy for patients with COVID-19 and post-COVID-19. During the spread of new variants of
the SARS-CoV-2 virus, such beneficial properties of bromelain could help to prevent the
escalation and progression of COVID-19 disease [11]. Bromelain is used in the United States
and Europe as an alternative or complementary medication to glucocorticoids, nonsteroidal
antirheumatics, and immunomodulatory agents. Very low toxicity ensures its safe use as a
remedy for chronic inflammatory diseases, as well as an adjuvant to chemoradiotherapy
and perioperative care. Bromelain is capable of enhancing the absorption and tissue perme-
ability of antibiotics after oral, subcutaneous, or intramuscular application. As a result, it
can maintain a higher level of a drug in serum and tissue, thus potentiating efficacy and
reducing side effects [12].

Stem bromelain (EC.3.4.22.32) is a glycoprotein with one oligosaccharide moiety and
one reactive sulfhydryl group per molecule. The highest activity of this enzyme is observed
at pH 5.0–8.0 [13]. At a temperature of 21 ◦C, the aqueous proteolytic activity of bromelain
reduces rapidly. Therefore, in a concentrated form (>50 mg/mL), it is stable for a week at
room temperature and exhibits minimal inactivation after multiple freeze–thaw cycles [14].

To date, it has been proven that bromelain is well absorbed in the body not only
after external but also after oral use and does not have significant side effects even with
long-term use. Bromelain has GRAS (Generally Regarded as Safe) status from US federal
agencies (CFR 1999, 2009) and can be applied as an enzymatic therapy for humans [15].
Moreover, bromelain has a plant origin, isolated from the extract of Ananas comosus, so it is
renewable and inexpensive compared with animal-origin enzymes. However, the protease
is sensitive to acidity, many chemicals, solvents, and elevated temperatures. Even small
conformational changes can reduce enzyme activity, which limits its use in medicine and
pharmacology [16,17]. Therefore, one of the most important challenges is the improvement
of bromelain stability, mainly by developing new and modifying existing approaches for
its stabilization. Among others, the immobilization approach can be used, which was
developed to solve the problem of enzyme recovery and reuse [18,19]. Nowadays, a proper
immobilization protocol is expected to improve some enzyme features, such as stability,
activity, specificity, or selectivity, enlarging the operational conditions [20–22]. Moreover, it
is possible to couple enzyme immobilization with enzyme purification, saving costs and
time with respect to these processes [23].

Enzymes are immobilized using various carriers, including chitosan and its deriva-
tives [24]. For example, bromelain was immobilized on chitosan films from microbial and
animal sources and plasticized with glycerol, wherein the highest enzyme immobiliza-
tion yield (41%) was observed [25]. Chitosan-based nanoparticles, including lactobionic
acid-modified chitosan nanoparticles and linoleic acid-modified carboxymethyl chitosan
nanoparticles, have also been used for the immobilization of bromelain [26–29]. Bromelain
was covalently immobilized onto the surface of porous chitosan beads without glutaralde-
hyde [30], with and without alkyl chain spacers of different lengths. The relative activity
of immobilized bromelain was found to be high toward a small ester substrate, N-benzyl-
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L-arginine ethyl ester (BAEE), but rather low toward casein, a high-molecular-weight
substrate [31].

It is known that chitosan is characterized by the limited pH range of its solubility
(pKa~6.5) [32], which does not fit with its physiological conditions. It is known that aque-
ous solutions and solid/liquid interfaces constitute quite different microenvironments
that profoundly affect the structure and activity of enzymes. The solid surface exerts
an electrostatic field extending several nanometers into the bulk solution. Thus, close to
the interface, all electrostatic interactions are modified, altering the behavior of solvent
molecules, buffer salts, substrates, products, and the enzyme itself. These effects often
lead to enhanced enzyme stability, but also, in most cases, result in some loss of enzyme
activity, which has been generally accepted as one of the drawbacks of the immobiliza-
tion process [33]. The modification of chitosan by tuning its properties and obtaining its
water-soluble derivatives can solve this problem. In addition, chitosan has polycationic
properties and is characterized by certain antibacterial activities. Its modifications, such
as carboxymethylchitosan [34], N-(2-hydroxypropyl)-3-trimethylammonium chitosan [35],
chitosan sulfate [36], and chitosan acetate [37], also possess antimicrobial activity and retain
good biocompatibility, mucoadhesiveness, low toxicity, and other important properties of
chitosan. Moreover, chitosan sulfate–lysozyme hybrid hydrogels with fine-tuned degrad-
ability have demonstrated sustained, inherent antibiotic and antioxidant activities [38]. In
creating new antimicrobial formulations, carboxymethylchitosan, N-(2-hydroxypropyl)-3-
trimethylammonium chitosan, chitosan sulfate, and chitosan acetate look like promising
matrices for bromelain immobilization.

In this work, we show the mechanism of bromelain interaction with the water-soluble
derivatives of chitosan—carboxymethylchitosan, N-(2-hydroxypropyl)-3-trimethylammonium
chitosan, chitosan sulfate, and chitosan acetate—and the proteolytic properties of the
obtained compositions.

2. Materials and Methods
2.1. Materials

Bromelain (B4882) was purchased from Sigma, Burlington, MA, USA, and was used
without any treatments. Azocasein (Sigma-Aldrich, Munich, Germany) was used as a
substrate in catalytic activity evaluation experiments. Chitosans with molecular weights of
200, 350, and 600 kDa and degrees of deacetylation ranging from 0.73 to 0.85 were obtained
from Bioprogress (Shchelkovo, Russia); glycidyltrimethyl ammonium chloride (>90%)
and chloroacetic acid (99%) were purchased from Sigma-Aldrich (Munich, Germany).
Sodium hydroxide, isopropyl alcohol, methanol, and acetone (all analytical grade); 2%
w/v aqueous acetic acid solution prepared from glacial acetic acid (analytical grade) and
distilled water; 10% w/v aqueous sulfuric acid solution fabricated from sulfuric acid (>98%);
and distilled water received by Vekton (Saint-Petersburg, Russia) were used in the synthesis
of chitosan derivatives.

2.2. Synthesis of Chitosan Derivatives

Chitosan derivatives were obtained by known methods with some modifications
(see below).

2.2.1. Synthesis of Carboxymethyl Chitosan (ChMC)

Synthesis of carboxymethyl chitosan was carried out according to the following proto-
col: 3.0 g of chitosan was dispersed in 65 mL of isopropyl alcohol; then, a NaOH aqueous so-
lution was introduced drop by drop for 15 min (NaOH:chitosan repeating link = 13:1 mol).
After that, a 15% w/v solution of chloroacetic acid in iProOH (CH2ClCOOH: chitosan re-
peating link = 7:1 mol) was added drop by drop to the reaction mixture and stirred for 12 h
at room temperature. The resulting precipitate was filtered, suspended, and washed with
methanol, and it was dried in a vacuum at 55 ± 2 ◦C up to constant weight [39]. The yield of
products was 79–92%; the degrees of substitution, calculated from the FTIR data, were 0.46,
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0.54, and 0.78 for polymers with molecular weights of 600, 350, and 200 kDa, respectively.
A significant increase in the degree of substitution for chitosan with a molecular weight of
200 kDa can be explained by the fact that this commercial chemical was in powder form,
while the two others were flakes. Carboxymethylation was carried out heterogeneously, so
the chitosan form and particle size significantly impacted the resulting products.

2.2.2. Synthesis of N-(2-Hydroxy) propyl-3-trimethylammonium Chitosan (HTCCh)

N-(2-hydroxy) propyl-3-trimethylammonium chitosan was obtained with the follow-
ing process: 3.0 g of chitosan was suspended in 30 mL of distilled water for 30 min at
85 ± 2 ◦C. Then, the calculated amount of glycidyltrimethyl ammonium chloride (GTMAC)
(GTMAC:chitosan repeating link = 3:1 mol) was dropwise added to the reaction mixture
for 1 h and kept at 85 ± 2 ◦C for 10 h. The final product was isolated from the reaction
mixtures via precipitation in acetone, washed three times with methanol, and dried in a
vacuum oven at 55 ± 2 ◦C to a constant weight [40]. The product yield was 62–74%; the
degrees of substitution calculated from FTIR data were 0.24, 0.19, and 0.57 for chitosans
with molecular weights of 600, 350, and 200 kDa, respectively.

2.2.3. Synthesis of Chitosan Sulfate, Chitosan Acetate (ChS)

For the preparation of chitosan sulfate, 5.0 g of chitosan was dissolved in 500 mL of 2%
w/v aqueous acetic acid solution and then 20 mL of 10% w/v aqueous sulfuric acid solution
and was stirred constantly for 24 h at 25 ± 2 ◦C. The formed gel was placed in acetone for
5 days, washed three times with methanol, and dried in a vacuum oven at 55 ± 2 ◦C to a
constant weight. The product yield was 85–96%.

2.2.4. Synthesis of Chitosan Acetate (ChA)

For the chitosan acetate synthesis, 5.0 g of chitosan was dissolved in 500 mL of 2% w/v
aqueous acetic acid solution and stirred constantly for 24 h at 25 ± 2 ◦C. The final product
was isolated from the reaction mixtures via precipitation in acetone, washed three times
with methanol, and dried in a vacuum oven at 55 ± 2 ◦C to a constant weight. The product
yield was 67–81%.

2.3. Immobilization Procedure

The immobilization of bromelain on the synthesized chitosan derivatives was per-
formed using the complexation approach developed previously [41]. Firstly, 20 mL of
enzyme solution (2 mg·mL−1 in 0.05 M trisodium borate buffer with a pH of 9.0) was added
to 1 g of chitosan derivative (ChMC, HTCCh, ChS, or ChA) and incubated for 2 h at 37 ◦C.
After that, the formed precipitate was washed via dialysis using 50 mM of Tris-HCl buffer
with a pH of 7.5 through a cellophane membrane with a 25 kDa pore size until there was an
absence of protein in the washing water (controlled spectrophotometrically at λ = 280 nm
on an SF-2000 spectrophotometer, LOMO-Microsystems, Saint Petersburg, Russia).

2.4. Protein Content Measurement

The protein content in the immobilized enzyme samples was determined using the
modified Lowry approach [42]. Before the analysis, the immobilized enzyme was treated
with K/Na-tartrate (20 mg·mL−1 or 0.7 M) prepared from 1 M NaOH at 50 ◦C for 10 min to
desorb the enzyme from the carrier [43]. The absence of enzyme destruction was controlled
by recording its absorption spectrum on a UV-2550PC spectrophotometer (Shimadzu
Scientific Instruments Inc., Kyoto, Japan) [44].

2.5. Evaluation of Proteolytic Activity of the Immobilized Enzymes

Azocasein was chosen as the substrate for proteolytic activity measurements [45].
Briefly, the sample was dissolved in 200 µL of buffer (50 mM Tris-HCl, pH 7.5), mixed with
800 µL of azocasein solution (0.5% in the same buffer), and incubated for 30 min at 37 ◦C [46].
Then, 800 µL of 5% trichloroacetic acid solution was added; after 10 min of incubation
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at 4 ◦C, the precipitated unhydrolyzed azocasein was removed via centrifugation (3 min
13,000 rpm). The supernatant (1200 µL) was mixed with 240 µL of 1 M NaOH solution,
and its optical density was determined at 410 nm. The unit of catalytic activity was consid-
ered as the amount of enzyme hydrolyzing 1 µM of azocasein in 1 min (µM·min−1·mg−1

of protein).

2.6. Molecular Docking

The structure preparation of bromelain (PDB ID: 1W0Q, accessed on 31 October 2022
https://www.rcsb.org/structure/1W0Q) for docking and the process of interaction model-
ing using the Autodock Vina program (Accessed on 31 October 2022 https://sourceforge.
net/projects/autodock-vina-1-1-2-64-bit/) were carried out as described in [47]. The struc-
tural models of ChMC, HTCCh, ChS, or ChA were drawn in the molecular constructor
HyperChem (Accessed on 31 October 2022 https://hyperchem.software.informer.com)
and, subsequently, were successively optimized in the AMBER forcefield and quantum-
chemically in PM3 (Parametric Method 3). The ligand in the docking procedure had
maximal conformational freedom: the rotation of functional groups around all single bonds
was allowed. The arrangement of the charges of ChMC, HTCCh, ChS, or ChA and the pro-
tonation/deprotonation of their molecules was performed automatically in the MGLTools
1.5.6 package (Accessed on 31 October 2022 https://ccsb.scriptps.edu/mgltools/1-5-6).

2.7. Infrared Spectroscopy

Frozen-dried pure protein powders were dissolved in D2O. Solid preparations of
immobilized proteins on chitosan’s derivatives, ChMC, HTCCh, ChS, and ChA, were
washed with buffer solutions in D2O. Solutions and solid wet samples were placed on the
surface of the ATR working element and equilibrated at 25 ◦C. The IR spectra of analyzed
samples were recorded by an IRAffinity1 spectrometer with an ATR attachment with
a single reflection ZnSe working element. The content of protein secondary structures
was assessed by fitting absorption spectra in the spectral range 1600–1700 cm−1 (amide
I absorption band of peptide groups) with the sum of Gaussian components [48]. The
position and number of components were determined from the second derivative of the
absorption spectra; the fitting was performed using the Fityk 8.0 software.

2.8. Bacterial Strains and Biofilm Assays

Pseudomonas aeruginosa ATCC 27853 and Staphylococcus aureus ATCC 29213 were used
for the biofilm assays. Bacteria were grown on the LB medium. To obtain rigid biofilms,
bacteria were grown for 48 h under static conditions at 37 ◦C in 24-well, TC-treated,
polystyrol plates (1 mL per well in the basal medium (BM) (glucose 5 g, peptone 7 g,
MgSO4 × 7H2O 2.0 g and CaCl2 × 2H2O 0.05 g in 1.0 L tap water)) [49]. The mature
biofilms were treated for either 3 or 24 h with soluble and immobilized bromelain in PBS,
and plates were subjected to crystal violet staining [50].

3. Results and Discussions
3.1. Bromelain’s Immobilization

As mentioned above, the proper immobilization protocol will improve enzyme char-
acteristics such as stability and half-life, reducing aggregation, and for proteases, it addi-
tionally prevents autolysis [51]. However, the enzyme interactions can significantly affect
proteolytic activity [52,53].

We estimated the efficiency of complexation for bromelain as a percentage of the
adsorbed enzyme and the total and specific activities of the immobilized enzyme compared
with the dissolved enzyme (Figure 1). The maximal amount of bromelain was bound with
ChS and ChMC, up to 65% and 58% compared with its amount in solution, respectively
(Figure 1A).
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Figure 1. Characteristics of immobilized bromelain: (A) Protein content (mg·g−1 of carrier) in
enzyme complexes with ChS, ChMC, ChA, and HTCCh; (B) total activity (U·mL−1 of solution) of
enzyme complexes with ChS, ChMC, ChA, and HTCCh; (C) specific activity (U·mg−1 of protein) of
enzyme complexes with ChS, ChMC, ChA, and HTCCh. The efficiency of complexation for bromelain
expressed as a percentage of the adsorbed enzyme compared with its amount in solution (A), the
total activity of immobilized enzyme compared with soluble enzyme (B), and the specific activity of
the immobilized enzyme compared with the dissolved enzyme (C) are indicated above the bars. All
experiments were performed eight times, and the results represent mean ± confidence interval.
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The bromelain activity assay performed on the azocasein as a substrate showed that
the total (U·mL−1 of solution) and specific (U·mg−1 of protein) proteolytic activity of
the enzyme immobilized on ChS, ChMC, and ChA was lower compared with the native
enzyme. However, binding with HTCCh led to the bromelain hyperactivation phenomenon
(Figure 1B,C). Apparently, the interaction with HTCCh promotes the formation of a more
catalytically favorable conformation of bromelain globules modulating the active site and
increasing the proteolytic activity.

Depending on the desired use, it is known that carefully selecting chitosan and its
derivatives is necessary with attention to the degree of substitution, molecular weight,
and purity since these characteristics can significantly affect the mechanical and biological
properties of the final product [54,55]. However, in this work, we did not find a direct
relationship between the molecular weight of chitosan derivatives and the characteristics
of immobilized bromelain we obtained.

Below, we tried to explain the results obtained empirically by studying the mechanism
of bromelain complexation with ChMC, HTCCh, ChS, and ChA using in silico (molecular
docking) and experimental (FTIR spectroscopy) methods.

3.2. Interaction Mechanisms between Bromelain and Chitosan Derivatives

The complexation of enzymes with polysaccharides and their derivatives is a mul-
tipronged process that can proceed by using specific bonds and interactions (hydrogen
bonds, electrostatic, dipole–dipole, and hydrophobic interactions). The active site orien-
tation regarding the supporting surface plays a critical role, as only properly oriented
protease molecules may be accessed by the substrate [56]. Some simple techniques may be
used in docking and design studies to account for some of the changes in the conformations
of the enzyme during the ligand-binding and complex formation [57].

Like all papain-like proteases, the bromelain molecule is folded into two domains.
Domain L is mainly α-helical (α-helices LI, LII, LIII). The key feature of the R domain is its
antiparallel β-sheet structure [58]. The R domain also contains two helices: RI and RII, both
located on the surface of the protein molecule at opposite ends of the β-sheet structure,
which forms the core of this domain [59,60]. The active site of bromelain is located on the
border of the L and R domains in a V-shaped cleft formed by Cys26 and His158 [61].

We found that the sorption of bromelain on chitosan derivatives is realized by protein
regions located on the border of the L and R domains, including the region of the enzyme’s
active site (Table 1, Figures 2 and 3), which results in the modification of their catalytic
activity in the immobilized state. In addition, the immobilization involves amino acids in-
cluded to the α-helices and β-sheets of protein molecules (Table 1), which was confirmed by
our FTIR spectroscopy experiments (see below). Moreover, the protein content evaluation
(Figure 1A) in the immobilized bromelain formulations is in good agreement with our dock-
ing calculations. The protein amount and the protein immobilization yield are higher in
bromelain complexes with ChS and ChMC (with which, according to in silico calculations,
bromelain forms a greater number of hydrogen bonds—13 and 10, respectively) compared
with ChA and HTCCh (with which, according to docking results, bromelain forms a smaller
number of hydrogen bonds—8 and 7, respectively). The possible number of hydrogen
bonds in the complex is one of the main reasons why the protein immobilization yield is
higher. ChMC, ChS, and ChA have hydrogen bonds with His158, which is from the active
site of bromelain. This can probably explain the significant decrease in enzyme activity after
its immobilization. HTCCh forms only physical interactions with His158, which possibly
modulate the structure of the active site of bromelain and lead to the hyperactivation of the
enzyme (Figure 1B,C).

176



Polymers 2022, 14, 5110

Figure 2. Molecular docking results. Topology of bromelain complexes with ChMC, HTCCh, ChS,
and ChA.
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Figure 3. Molecular docking results. Bonds (indicated by dashed lines) and interactions between
molecules of bromelain and chitosan derivatives: ChMC, HTCCh, ChS, and ChA.

To study the hydrogen bonding between bromelain and chitosan derivatives in more
detail, we analyzed the FTIR spectra of immobilized samples, including the 3000–3600 cm−1

region (Figure 4).
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Table 1. Bromelain amino acids interacting with ligands *.

Affinity,
kcal/mol

Amino Acids Forming

Hydrogen Bonds and Their Lengths, Å Any Other Interactions

Amino acids of bromelain that form bonds and interactions with ChMC

−7.8
Asn19, 3.29 Å; Gln20, 2.92 and 2.99 Å; Asn21, 2.70 Å;

Cys23, 3.00 and 3.09 Å; Glu36 (αLI), 2.88 Å; Glu51 (αLII),
2.87 Å; Lys179, 2.90 Å; Trp180, 3.23 Å

Thr15, Ser16, Val17, Lys18, Pro22, Gly24, Phe29 (αLI),
Ala33 (αLI), Ala136, Phe140, His158 (βR), Ala159

(βR), Val160 (βR), Thr161 (βR), Ile163 (βR), Ala178,
Gly184, Tyr185

Amino acids of bromelain that form bonds and interactions with HTCCh

−8
Lys18, 2.86 Å; Asn19, 2.91 Å; Phe29 (αLI), 3.10 Å; Glu51

(αLII), 3.14 Å; His158 (βR), 2.86 Å; Lys179, 2.96 Å;
Trp180, 3.11 Å

Val14, Val17, Ala33 (αLI), Gln141, Tyr142, Lys144,
Val160 (βR), Thr161 (βR), Ile163 (βR), Lys174,

Ala178, Gly184, Tyr185, Ile186

Amino acids of bromelain that form bonds and interactions with ChS

−9.0

Lys18, 3.21 Å; Asn19, 2.90 Å; Gln20, 3.15 Å; Phe29 (αLI),
3.04 Å; Tyr143, 2.87 Å; His158 (βR), 2.86 Å; Trp161 (βR),

2.80 Å; Lys179, 2.94 Å; Trp180, 3.14 Å; Gly181, 3.23 Å;
Gly184, 2.95 and 3.19 Å; Ile186, 3.31 Å

Ser16, Val17, Ala30 (αLI), Ala33 (αLI), Glu51 (αLII),
Ala136, Phe140, Lys144, Val160 (βR), Ile163 (βR),

Ala178, Tyr185

Amino acids of bromelain that form bonds and interactions with ChA

−9.4
Lys18, 3.16 Å; Phe29 (αLI), 2.86 Å; Glu51 (αLII), 2.81 Å;

Phe140, 3.26 Å; Gln141, 3.19 Å; His158 (βR), 3.09 Å;
Thr161(βR), 2.62 and 3.30 Å

Val14, Val17, Asn19, Gln20, Ile32 (αLI), Ala33 (αLI),
Ala136, Tyr142, Lys144, Val160 (βR), Ile163 (βR),

Lys174, Lys179, Trp180, Gly184, Tyr185

* Active site residues are bold; protein secondary structure elements are in brackets.

Figure 4. FTIR spectra of dry preparations of bromelain on ChS, ChA, HTCCh, and ChMC matrices.

The intensities of the spectra in the 3000–3600 cm−1 region of the stretching vibrations
of OH groups are normalized to the maximum of the 3300 cm−1 band and allow a rough
estimate of the intensity distribution of hydrogen bonds: OH groups with stronger hydro-
gen bonds absorb at lower frequencies. The number of OH groups absorbing below the
center frequency of 3300 cm−1 is the smallest in the bromelain/HTCCh system, followed
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by ChMC, ChA, and ChS in ascending order. The number of OH groups with weak or
single hydrogen bonds absorbing above 3300 cm−1 is the highest in the bromelain/ChS
system, followed in descending order by ChA, HTCCh, and ChMC. It should be noted that
it is not possible to exactly estimate the number of hydrogen bonds between the protein
and chitosan matrices: the number of these bonds can only be estimated in tens of pieces,
while the total number of OH bonds in both the protein and chitosan can reach many
hundreds—these differences are completely lost in measurement errors. The above-cited
experimental ratios reflect the rearrangement of the entire system of hydrogen bonds as a
result of the formation of protein–chitosan complexes, including the secondary structure of
the protein and the conformation of the polymer [62], as well as the molecules of hydration
water included in their structure.

Figure 5 and Table 2 show the results of an FTIR estimation of the secondary structure
of bromelain immobilized on chitosan derivatives: ChMC, ChS, and ChA. It can be seen that
after complexation, the number of α-helix contents remains at the same level, the portion
of β-sheets significantly increases, and the number of other structures notably decreases.

Figure 5. Amide I spectra of bromelain and chitosan derivative complexes are normalized to
the maximum.

Table 2. Secondary structure (in%) of bromelain immobilized on chitosan derivatives: ChMC, ChS,
and ChA.

Structure Sample

Bromelain in
Solution

Bromelain with
ChMC

Bromelain with
ChS

Bromelain with
ChA

α-helix 15 13 13 19
β-sheet 29 43 52 40
other 56 44 35 41

For the complex with HTCCh, such calculations could not be carried out because
bromelain was weakly retained on the HTCCh matrix and was washed off with buffer.
It was found that complexation with HTCCh did not significantly change the enzyme
structure since its structure in the supernatant after washing with buffer was close to the
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structure of bromelain in solution (without any complexation). Despite the low stability of
the bromelain complex with HTCCh, the hyperactivation of the enzyme can be observed.
Perhaps this is due to the slowing of aggregation and autolysis processes during the
complex formation of bromelain with HTCCh, with minimal modification of enzyme
structure and its active site orientation.

Finally, we compare the activity recovery of immobilized bromelain obtained in this
work with our previously published results (Figure 6). Earlier, we studied bromelain immo-
bilization on chitosan (Ch) [46], 2-(4-acetamido-2-sulfanilamide) chitosan (SACh) [41], and
chitosan copolymer with poly-N-vinylimidazole (Ch-g-PVI) [63]. As can be seen, the best ac-
tivity recovery is achieved for bromelain immobilized on HTCCh and SACh, while for other
proposed matrices, its value is dramatically low. Only under the immobilization of chitosan
was the phenomenon of bromelain hyperactivation observed. Thus, HTCCh-immobilized
bromelain is a promising biocatalayzer for biomedical and biotechnological applications.

Figure 6. Comparison of specific activity recovery (%) of bromelain immobilized on different chitosan
derivatives (values are given for derivatives with a molecular weight of 350 kDa).

3.3. Antibiofilm Properties of Immobilized Bromelain

Various proteases have been suggested as promising antibiofilm tools [64,65], includ-
ing the cysteine plant proteases ficin and papain in soluble and chitosan-immobilized
forms [66–71]. Therefore, the ability of both soluble and immobilized bromelain to dis-
rupt the bacterial biofilms was assessed. For that, 24 h old biofilms were obtained on the
surface of 24-well plates washed and treated for either 3 or 24 h with soluble bromelain
(0.1 and 0.5 mg·mL−1) or enzyme immobilized on water-soluble derivatives of chitosan—
carboxymethylchitosan, N-(2-hydroxypropyl)-3-trimethylammonium chitosan, chitosan
sulfate, and chitosan acetate. The amount of heterogeneous enzyme corresponded to 0.1
and 0.5 mg·mL−1 of soluble enzyme, and as a negative control, pure carriers were taken in
similar concentrations. The residual biofilms were subjected to crystal violet staining.

Soluble bromelain destroyed biofilms formed by both P. aeruginosa and S. aureus
(See Figure 7). Among all the variant derivatives of chitosan, only carboxymethylchi-
tosan demonstrated relevant results, and carboxymethylchitosan-immobilized bromelain
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led to a significant reduction in the biofilms of both pathogens. N-(2-hydroxypropyl)-3-
trimethylammonium chitosan, chitosan sulfate, and chitosan acetate by itself and with
immobilized protease led to false-negative results, apparently because of the unspecific
adherence of plate surfaces (Figures 8 and 9). Taking into account the significant relevance
of both P. aeruginosa and S. aureus on topical surgery wounds and burns, the antibiofilm
activity of immobilized bromelain could be a promising approach to coat wound-dressing
materials to disrupt and prevent the biofouling of wound-dressings and wounds.

Figure 7. Effect of dissolved bromelain and enzyme immobilized on carboxymethylchitosan (ChMC)
on (A,C) S. aureus and (B,D) P. aeruginosa biofilms. The 48 h old biofilms were gently washed and
treated for 3 (A,B) or 24 h (C,D) with enzymes at concentrations of 0.1 and 0.5 mg·mL−1. The amount
of heterogeneous enzyme corresponded to 0.1 and 0.5 mg·mL−1 of the soluble enzyme, and as a
negative control, pure carriers were taken in similar concentrations. Residual biofilms were quantified
with crystal violet staining. Asterisks (*) denote statistically significant differences between untreated
and treated samples (p < 0.05). Untreated wells were considered to be 100%.
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Figure 8. Effect of soluble bromelain and enzyme immobilized on N-(2-hydroxypropyl)-3-
trimethylammonium chitosan (HTCCh), chitosan sulfate (ChS), and chitosan acetate (ChA) on
(A,B,E) S. aureus and (C,D,F) P. aeruginosa biofilms. The 48 h old biofilms were gently washed and
treated for 3 h with enzymes at concentrations of 0.1 and 0.5 mg·mL−1. The amount of heteroge-
neous enzyme corresponded to 0.1 and 0.5 mg·mL−1 of the soluble enzyme; pure carriers in similar
concentrations were taken as a negative control. Residual biofilms were quantified with crystal
violet staining. Asterisks (*) denote statistically significant differences between untreated and treated
samples (p < 0.05). Untreated wells were considered to be 100%.
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Figure 9. Effect of soluble bromelain and enzyme immobilized on N-(2-hydroxypropyl)-3-
trimethylammonium chitosan (HTCCh), chitosan sulfate (ChS), and chitosan acetate (ChA) on on
(A,B,E) S. aureus and (C,D,F) P. aeruginosa biofilms. The 48 h old biofilms were gently washed and
treated for 24 h with enzymes at concentrations of 0.1 and 0.5 mg·mL−1. The amount of heteroge-
neous enzyme corresponded to 0.1 and 0.5 mg·mL−1 of the soluble enzyme; pure carriers in similar
concentrations were taken as a negative control. The residual biofilms were quantified with crystal
violet staining. Asterisks (*) denote statistically significant differences between untreated and treated
samples (p < 0.05). Untreated wells were considered to be 100%.

4. Conclusions

Taken together, our results show that ChS and ChMC form the highest number of
hydrogen bonds with bromelain (thirteen and ten, respectively) compared with eight and
seven H-bonds for ChA and HTCCh. Apparently, it is one of the main reasons why the
protein immobilization yield is higher at complexation with ChS and ChMC (up to 58%
and 65%). Moreover, ChMC, ChS, and ChA have H-bonds with His158, which is from the
active site of bromelain. This can explain the significant decrease in enzyme activity after
its immobilization. HTCCh displays only physical interactions with His158, which possibly
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modulate the structure of bromelain’s active site and lead to enzyme hyperactivation of up
to 208% of the total activity (U·mL−1 of solution) and up to 158% of the specific activity
(U·mg−1 of protein). From the FTIR study, it was also found that complexation with
HTCCh does not significantly change the bromelain structure. The carboxymethylchitosan-
immobilized bromelain provides a significant reduction of the biofilms of both P. aeruginosa
and S. aureus, bacteria often present on topical surgery wounds and burns, suggesting that
immobilized bromelain is a promising tool for disrupting and preventing the biofouling of
wound-dressing materials and wounds.
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Abstract: Mucus is a viscoelastic gel that acts as a protective barrier for epithelial surfaces. The
mucosal vehicles and adjuvants need to pass through the mucus layer to make drugs and vaccine
delivery by mucosal routes possible. The mucoadhesion of polymer particle adjuvants significantly
increases the contact time between vaccine formulations and the mucosa; then, the particles can
penetrate the mucus layer and epithelium to reach mucosa-associated lymphoid tissues. This review
presents the key findings that have aided in understanding mucoadhesion and mucopenetration
while exploring the influence of physicochemical characteristics on mucus–polymer interactions. We
describe polymer-based particles designed with mucoadhesive or mucopenetrating properties and
discuss the impact of mucoadhesive polymers on local and systemic immune responses after mucosal
immunization. In future research, more attention paid to the design and development of mucosal
adjuvants could lead to more effective vaccines.

Keywords: mucoadhesion; polymeric particles; immune response; mucosal vaccines; mucosal adjuvants

1. Introduction

The development of mucosal vaccines continues to be a priority in the fight against
microorganisms whose entry is the mucosa. However, the mucus layer limits the passage
of antigens across the epithelium to reach mucosa-inductive sites. This protective barrier
facilitates the clearance of foreign pathogens and particles. The mucosal compartments
have the epithelium and the mucosal immune system as barriers to defense. The epithelial
barrier interconnected by tight junctions, the mucus layer, antimicrobial peptides, and
immunoglobulin A (IgA) production prevent, as a whole, access to pathogenic microorgan-
isms, foreign particles, and toxins [1–3].

Furthermore, the mucosal immune system, comprising a network of mucosa-associated
lymphoid tissues (MALT), is responsible for initiating and establishing the antigen-specific
innate and adaptive immune response following infection or vaccination [4]. Both inducing
and effector sites are found in MALT. For example, in the small intestine, immune-inductive
gut-associated lymphoid tissue (GALT) comprises the Peyer patches, mesenteric lymph
nodes, and isolated lymphoid follicles (Figure 1). The GALT is covered by a follicle-
associated epithelium, predominantly composed of enterocytes and membranous cells (M
cells) [5]. M cells, surrounded by a thin layer of mucus, are responsible for transferring, via
phagocytosis or transcytosis, bacteria and particulate antigens from the luminal side to the
basal side of the epithelium and to the subepithelial dome (SED) [6,7], along with the other
intestinal epithelial cells [8,9]. Regardless of the sampling mechanism, antigen-specific
primed cells in the mucosa leave the encounter site to enter the lymph, then the blood-
stream, and re-enter the mucosal tissues of origin, where they differentiate into effector
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or memory B and T cells, a process mediated by integrins [10]. In the small intestine, this
effector site is the lamina propria. For a deeper understanding of the inductive and effector
sites in the mucosal immune responses other than GALT and NALT, the following reviews
are suggested [11–13].
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Figure 1. Components of gut-associated lymphoid tissues. The intestinal epithelium comprises mul-
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Figure 1. Components of gut-associated lymphoid tissues. The intestinal epithelium comprises multi-
ple cell types derived from intestinal stem cells (IECs), including absorptive enterocytes, Paneth cells,
goblet cells, tuft cells, and enteroendocrine cells. The IECs maintain gut homeostasis by synthesizing
and secreting mucins, antimicrobial peptides, hormones, and soluble proteins. Furthermore, the
IECs participate in the recognition of microorganisms via PPRs. The inner mucus layer or glyco-
calyx that lines the intestinal epithelium contains many antimicrobial peptides (AMPs) and IgA,
both with effector functions. The outer mucus layer is also colonized by commensal microbiota.
AMPs bind to glycosylated proteins, neutralize bacterial toxins, participate in the recruitment of
effectors cells, and directly kill bacteria. Antigen uptake can occur by M-cell-mediated transcytosis,
via macrophage/dendritic cells extending transepithelial dendrites into the gut lumen, paracellular
pathway, or through goblet-cells-associated antigen passages. The passage of the particles is further
facilitated by mucoadhesion and mucopenetration phenomena. In gut-associated lymphoid tissues,
antigens are presented to naive T and B cells with subsequent antigen-specific immune responses.
PPs are mucosa-inductive sites for immune responses in the gastrointestinal tract, while the lamina
propria and epithelial compartment constitute effector sites. FAE, follicle associated epithelial; SED,
subepithelial dome; PPs, Peyer’s patches; IFR, interfollicular regions; FDC, follicular dendritic cells;
Tfh, T follicular helper cells.

Considering the barrier properties of mucosal surfaces, extensive studies have been
performed to develop strategies for prolonging the residence time of vaccines in epithelial
tissues; one of the most relevant is the use of mucoadhesive formulations. This review
provides an overview of mucus, mucin, and how the interactions between mucus and
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particles occur. We discuss the physicochemical characteristics of particles that lead to
improved mucoadhesion and/or mucopenetration.

The paper aims to show solid scientific evidence to re-evaluate the correlation be-
tween improving the mucoadhesive or mucopenetrating characteristics of polymer-based
particles used as mucosal vaccine adjuvants and the increase in specific systemic and
mucosal immune responses. Likewise, we address potential strategies for mucus penetra-
tion, highlighting the importance of incorporating them to design more effective mucosal
vaccines. For these purposes, most of the included research papers are those in which the
mucoadhesion test of polymer particles was published together with the assessment of
adjuvanted capacity following mucosal vaccination.

2. Mucosal Vaccination

The mucosal surfaces cover a vast extension of the body surface area. Due to contin-
uous environmental exposure, many pathogens, or antigens, as well as particles found
in the air and toxins, have the mucosal surfaces as portals of entry to the body. There-
fore, the mucosal tissues play a fundamental role in protecting from invasion by harmful
microorganisms through physical and biological barriers. The characteristic induction of
antigen-specific sIgA antibodies, both local and distant, as well as protective immunity in
systemic and mucosal compartments, makes mucosal vaccination the best tool for reducing
mortality and morbidity caused by infectious pathogens that enter the body through the
mucosal surfaces [14,15].

However, most vaccines licensed for use in humans are currently administered par-
enterally. Although parenteral immunization successfully induces a protective systemic
immune response, it hardly induces an effective mucosal immune response, and the cellular
mechanisms underlying this response remain largely unknown [16–18].

The SARS-CoV-2 pandemic highlighted mucosal vaccination’s importance in trigger-
ing an immune response at the predominant sites of pathogen infections and protecting
against mucosal invasion. Several nasal and oral vaccines are currently in the clinical
phase (Table 1), thanks to numerous researchers who have focused on developing mucosal
vaccination platforms for other diseases in recent decades. It is essential to clarify that there
are already authorized vaccines for application through these routes for other diseases. For
example, oral vaccines are currently on the market for Vibrio cholerae (Dukoral®, ShanChol™
OCV, Euvichol-Plus®/Euvichol®, and Vaxchora®) [19], poliovirus (BIOPOLIO™ B1/3),
rotavirus (RotaRix®, RotaTeq®, Rotavac®, and RotaSiil®) [20], Salmonella typhi (Vivotif®

Ty21A) [21], and the adenovirus vaccine (Adenovirus types 4 and 7) approved for military
use only [22]. On the other hand, presented in the form of a spray for nasal administration,
there are the influenza vaccines against type A and B viruses (FluMist® Quadrivalent and
Nasovac-S™) [23,24]. Mucosal vaccines induce diverse immune responses in strength,
efficiency, and long-term protection [25–27]. Most of these formulations contain live attenu-
ated or inactivated whole-cell organisms or viruses [28,29]; consequently, the limitations
and challenges are many, especially those related to safety. In this regard, developing
subunit vaccines becomes a promissory strategy because they are safer but, unfortunately,
less immunogenic. Consequently, most of the time, subunit vaccines demand the use of
adjuvants that require specific characteristics for mucosal routes; regrettably, there are no
approved vaccines for these routes.
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Table 1. Current mucosal COVID-19 vaccine candidates in clinical trials. Adapted from WHO
vaccine tracker and landscape, February 2023 (Available online: https://www.who.int/publications/
m/item/draft-landscape-of-COVID-19-candidate-vaccines, accessed on: 10 February 2023). RBD,
receptor-binding domain; Ad, adenovirus; MVA, modified vaccinia Ankara; LAIV, live attenuated
influenza virus; NDV, Newcastle disease virus. R, route of administration: in, intranasal; or, oral; ae,
aerosol; ih, inhale.

Protein Subunit
Antigen Name Developer Clinical Trial R

Spike β-variante ACM-001 ACM Biolabs Phase 1 NTC05385991 in
RBD of S protein+

AgnHB CIBG-669 CIGB, Cuba Phase 1/2 RPCE0000345 in

RBD of S protein Cov2-OGEN1 USSF/VaxForm Phase 1 NCT04893512 or
Spike OMV-linked Hexapro Intravacc B. V Phase 1 NCT05604690 In

Live attenuated virus
S protein Mv-014-212 Meissa Vaccines, Inc. Phase 1 NCT04798001 in

S protein COVI -VAC CODAGENIX Inc./Serum
Institute of India Phase 3 ISRCTN15779782 in

RBD of S protein Razi Cov Pars Razi Vaccine and Serum
Research Institute Phase2IRCT20201214049709N2 In

Viral vector
NON-REPLICANT

■ Adenoviral vector
S protein ChAdOx1 nCoV-19 University of Oxford Phase 1 NCT04816019 in

S + nucleocapside VXA-CoV-2-1-Ad5 Vaxart Phase 2 NCT04563702 or

S protein BBV154 Bharat Biotech International
Limited Phase 3 CTRI/2022/02/040065 in

RBD Ad5-nCoV CanSino Biological Inc./Beijing
Institute of Biotechnology Phase 4 NTC05303584 ih

Spike + nucleocapsid Ad5-triCoVMac McMaster University Phase 1 NTC05094609 ae
PIV5 vector

Spike CVXGA1 CyanVac LLC Phase 1 NCT04954287 in

■ Ankara vector
Spike MVA-SARS-2-ST Hannover Medical School Phase 1 NCT05226390 ih

■ Influenza vector
N protein fragment Corfluvec Research Institute of Influenza Phase 1/2 NCT05696067 In

REPLICANT

■ Intranasal flu-based RBD

RBD of S protein DelNS1-2019-nCoV-
RBD-OPT1

University of Hong Kong,
Xiamen University, and Bejing
Wantai Biological Pharmacy

Phase 3 ChiCTR2000037782 in

■ Live recombinant Newcastle-disease-virus-vectored

Spike NDV-HXP-S Sean Liu, Icahn School of
Medicine at Mount Sinai Phase 2/3 NTC05354024 In

Others

■ DNA based vaccine

S protein BacTRL-Spike DNA
vaccine Symvivo Corporation Phase 1/2 NTC04845191 or

Bacterial antigen-spore expression vector
Spike B. subtilis spores DreamTec Research Limited Phase 1 NA or
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2.1. Mucosal Vaccine Adjuvants

The induction of robust immune responses after immunization by mucosal routes
requires the antigen on the mucosal surface for its transport across the epithelial barrier. For
this reason, the rational design of mucosal vaccines and adjuvants must consider the specific
problems related to the route of administration, such as changes in pH, enzymatic degrada-
tion, or entrapment in the mucus layer that limit the absorption of antigens. Consequently,
it is a challenge to find effective mucosal adjuvants that allow overcoming the limitations
associated with the mucosal barrier, enhancing local and systemic immune responses.

Several parenteral adjuvants have been approved for use in humans, including ad-
juvants based on aluminum hydroxide salts and gels, virosomes, oil-in-water emulsions
(MF59®, AS03, MontanideTM ISA 51 VG, and ISA 720 VG) [30–32], monophosphoryl Lipid
A (MPL) [33], Adjuvant Systems® (an immunostimulant combination of AS01 (MPL and
QS-21) [34] and AS04 (MPL and aluminum hydroxide)) [35], CpG1018 [36] (a synthetic
TLR-9 agonist adjuvant (Dynavax®)), and recently, Matrix-MTM (saponins from Quillaja
saponaria), which were authorized in a recombinant vaccine for SARS-CoV-2 [37]. However,
none of these adjuvants have been licensed for human mucosal use, although several
mucosal vaccine adjuvants are currently under pre-clinical evaluation [38–40]. The rapid
progress in SARS-CoV-2 mucosal vaccine development has allowed more adjuvants to
be taken to the clinical phase, such as adenoviral vector as self-adjuvant [41], artificial-
cell-membrane polymersome-encapsulated CpG (NCT05385991) or membrane vesicles
from Neisseria meningitis [42] (Table 1). In the pre-clinical phase, N-N-N-trimethyl-chitosan
particles designed for mucosal administration are under investigation [43].

Use of Particulate Systems as Mucosal Vaccine Adjuvants

Encapsulation, entrapment, or conjugation of antigens within particulate systems is
one of the most promising approaches for the mucosal administration of vaccines. Particles
protect the antigens from in vivo enzymatic degradation, prolong the residence time in
mucosa favoring delivery and absorption [44], promote the transport of antigens and cells
to lymph nodes [45], improve antigen presentation, and enhance immunogenicity [46]. All
these benefits are reflected in greater vaccine efficacy [47–51]. Scheme 1 summarizes the
general classification of particle-based systems used commonly as vaccine adjuvants.

The performance of these particles as adjuvants is usually determined by their intrinsic
characteristics, such as size [52–54], shape [55,56], surface charge [57], and hydrophobic-
ity [58,59], and also are influenced by the methods used for antigen loading [60], the density
of antigen on the surface [61], the ability of controlled-release kinetics [62], functionaliza-
tion [63–65], and importantly mucoadhesion [66,67]. In many cases, particulate vaccine
adjuvants mimic the size, shape, and surface molecule organization of pathogenic microor-
ganisms and can contain molecules such as pathogen-associated molecular patterns, which
directly impact the recognition, interaction, phagocytosis, and processing of antigens by
antigen-presenting cells (APCs), affecting vaccine efficacy [68–70].
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PLGA, poly (lactic-co-glycolide); PGA, poly (α-L-glycolic acid); PLA, poly (lactic acid); γ- PGA,
poly (glutamic acid); PEI, polyethyleneimine; VLPs, virus-like particles; MSNs, mesoporous silica
nanoparticles; MCNs, mesoporous carbon nanoparticles.

3. Mucoadhesion

The mucus layer covering the mucosal epithelium is mainly synthesized and secreted
by goblet cells [71,72]. Mucus is composed of water (>95%), electrolytes, enzymes, salts,
DNA, lipids, growth factors, antimicrobial peptides, immunoglobulins, and mucins, the
most abundant high-molecular-weight glycoproteins of the extracellular mucus [73,74].
The mucus layer’s composition, thickness, viscosity, and rheological properties vary widely
among mucosal tissues. For instance, the nasal mucus is thinner (10 µm thick), making
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it highly permeable compared to the mucus layer along the gastrointestinal tract, whose
thicknesses range from 180 µm to 800 µm from the antrum to the colon, respectively [75,76].
The mucus’s rheological properties also vary according to the anatomical site and the type,
composition, and properties of the mucins [77]; therefore, the transport of microorganisms,
molecules, particulate matter, drugs, exogenous, and endogenous agents through the
mucus is also different. For a better understanding of essential functions, general features,
and distribution according to the anatomical location of mucins, see Table 2.

Table 2. Overview of mucins. The structural and functional details of mucins are described. Mucins
(MUC) are differentially expressed in mucosal tissues. PTS domains: proline/threonine/serine-
rich domains; VNTRs: variable number of tandem repeats; GalNAc: N-acetylgalactosamine; OH-:
hydroxyl groups; S: serine; T: threonine.

MUCINS

General characteristics

■ High-molecular-weight glycoproteins (10–40 MDa)
■ Molecular organization: a central region with PTS
domains with a variable number of VNTRs
■ Domains: Highly glycosylated via O-glycosidic linkages
between GalNAc and the OH- of S and T residues from the
protein core
■ In the gastric mucus, some of these sugars bear sulfate
ester groups
■ A high proportion of cysteine domains participate in
dimer formation and form multimers

Classification
■ Membrane-bound/transmembrane
■ Secreted/gel-forming
■ Soluble

Biological functions

■ Prevents the adhesion of pathogens, foreign debris, or
cells to the mucosal epithelium by steric hindrance
■ Establishes a selective filter for the diffusion of particles
and small molecules
■ Bound by and enriched with nutrients, allowing them to
harbor beneficial microbial communities
■Attenuates the virulence of opportunistic microorganisms
■Regulates signal transduction

Anatomical location Type
Oral cavity MUC1, MUC4, MUC5B, MUC7, MUC19

Eye MUC1, MUC4, MUC16, MUC20, MUC21, MUC22. MUC2,
MUC5B, MUC5A, MUC5B, MUC5AC, MUC7, MUC19

Respiratory tract MUC1, MUC4, MUC16, MUC20, MUC5AC, MUC 5B, MUC19
Stomach MUC1, MUC5C, MUC6
Small intestine MUC13, MUC17, MUC2
Colon MUC2
Female reproductive tract MUC1, MUC4, MUC5
Male urogenital tract MUC1, MUC19, MUC20, MUC5B, MUC6

Some synthetic and natural materials/macromolecules and hydrocolloids adhere to
biological surfaces [78] and remain attached for an extended period of time by interfa-
cial forces. When the adhesive attachment occurs with mucus or epithelial tissues, the
phenomenon is considered mucoadhesion (Figure 2) [79] and involves an interaction
with mucin.
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Figure 2. Mucoadhesion of polymeric particles to mucous membranes. First, an intimate interaction 
between polymeric particles and the mucous membrane occurs in the contact stage, with subsequent 
wetting and swelling. Later, in the state of consolidation, physicochemical interactions enable the 
adsorption and molecular interpenetration of polymer chains into the mucus layer that covers the 
epithelial surface, eventually leading to prolonged adhesion. 

Different theories try to explain the interactions between bioadhesive polymers and 
mucosal surfaces from both physical and chemical perspectives: the electronic theory [80], 
the adsorption theory [78], wetting theory [81,82], diffusion theory [83], and fracture and 
mechanic theory [84] (details in Figure 3). In all of them, the molecules must bind through 
the interface, an interfacial layer formed between the adhesive and the mucosal tissue. 
However, the links between the polymers and the mucus differ in each theory. 

 
Figure 3. Theories of mucoadhesion. The electronic theory describes mucoadhesion mediated by 
electrostatic forces. Adsorption assumes intermolecular contact at the interface and adhesion of ma-
terials by intermolecular forces. Wetting is described in terms of the spreading coefficient; therefore, 
the requirement for mucoadhesive materials to adhere is that these can spread spontaneously onto 
a surface. The diffusion theory: interdiffusion and interpenetration through the polymer-mucin in-
terface according to their concentration gradient. Fracture describes the forces required to separate 
two surfaces after bonding and assumes that adhesion bond failure occurs at the interface (Wad: 
work adhesion). Mechanical assumes that the irregular rough or abrasive substrate surface provides 
mechanical keying. 

In addition to pharmacokinetic studies, in vivo and ex vivo methods for assessing 
mucoadhesion allow for the direct investigation of the particulate systems’ adhesion to 
mucosal tissues [85,86] or mucosa-mimetic materials [87]. Likewise, it is possible to per-

Figure 2. Mucoadhesion of polymeric particles to mucous membranes. First, an intimate interaction
between polymeric particles and the mucous membrane occurs in the contact stage, with subsequent
wetting and swelling. Later, in the state of consolidation, physicochemical interactions enable the
adsorption and molecular interpenetration of polymer chains into the mucus layer that covers the
epithelial surface, eventually leading to prolonged adhesion.

Different theories try to explain the interactions between bioadhesive polymers and
mucosal surfaces from both physical and chemical perspectives: the electronic theory [80],
the adsorption theory [78], wetting theory [81,82], diffusion theory [83], and fracture and
mechanic theory [84] (details in Figure 3). In all of them, the molecules must bind through
the interface, an interfacial layer formed between the adhesive and the mucosal tissue.
However, the links between the polymers and the mucus differ in each theory.
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Figure 3. Theories of mucoadhesion. The electronic theory describes mucoadhesion mediated by
electrostatic forces. Adsorption assumes intermolecular contact at the interface and adhesion of
materials by intermolecular forces. Wetting is described in terms of the spreading coefficient; therefore,
the requirement for mucoadhesive materials to adhere is that these can spread spontaneously onto
a surface. The diffusion theory: interdiffusion and interpenetration through the polymer-mucin
interface according to their concentration gradient. Fracture describes the forces required to separate
two surfaces after bonding and assumes that adhesion bond failure occurs at the interface (Wad:
work adhesion). Mechanical assumes that the irregular rough or abrasive substrate surface provides
mechanical keying.
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In addition to pharmacokinetic studies, in vivo and ex vivo methods for assessing
mucoadhesion allow for the direct investigation of the particulate systems’ adhesion to
mucosal tissues [85,86] or mucosa-mimetic materials [87]. Likewise, it is possible to perform
in vitro determinations that depend mainly on the physical properties of the polymers [88].
Several detailed reviews can be consulted to learn more about the methods used in mu-
coadhesion [89–91].

Determining Factors in the Mucoadhesion and Mucopenetration of Polymeric Particulate Systems

The mucoadhesive properties of particulate adjuvants can be affected by the physico-
chemical characteristics of polymers, such as size, ζ-potential, elasticity, molecular weight,
or spatial conformation, as well as by environmental factors, such as pH and presence of
metal ions, and physiological factors, including mucin turnover. The particles are trapped
in mucus networks through polyvalent adhesive interactions [92]. Sulfate groups on N-
acetylglucosamine and galactose and carboxylic groups on sialic acid sugars confer negative
charges to the mucin under most pH conditions [93]. Hydrophilic particles adhere to the
negatively charged moieties, while hydrophobic particles are captured by low-affinity
bonds between hydrophobic protein residues and particle surfaces. Although cationic
polymers have shown better mucoadhesive properties [94], anionic polymers also attach
to mucin just as much as cationic or nonionic polymers. This occurs thanks to surface
carboxyl groups in mucin that permit interaction via hydrogen bonds with the oligosac-
charide chains [95]. Mucus limits the diffusion of particles of any size, so it seems that size
has a more significant contribution to mucopenetration than to mucoadhesion. Thus, the
transport rate of particles in mucus decreases with increasing particle size [96,97].

The surface functionalization of particles affects adhesion and permeation across the
mucus of particles of equal size, i.e., as expected, polystyrene NPs of a small size (100 nm)
penetrate the mucus better than large particles (500 nm); however, among 500 nm particles,
sulfate-functionalized particles were 1.7 times more permeable than amino-functionalized
particles [98].

On the other hand, cylindrical-shaped NPs and rod-shaped nanocrystals have been
shown to penetrate the mucus more efficiently compared to their spherical counterparts
with similar particle sizes and surface charges [99]. Similarly, compared to their soft and
hard counterparts, particles with moderate stiffness have a higher diffusivity through the
mucus [100].

4. Mucoadhesive and Mucopenetrating Polymer-Based Adjuvants

For at least the past four decades, multiple research groups have searched for materials
for the development of mucoadhesive and/or mucopenetrating pharmaceutical formu-
lations to improve the bioavailability of active constituents [101–104]. Both the adhesive
and mucopenetrating properties of particulate adjuvants allow them to reach the epithelial
barrier. Once there, the particulate can be transported to the basolateral side to initiate
mucosal immune responses.

Several materials commonly used in the pharmaceutical industry are also used as
mucosal vaccine adjuvants; however, few studies have been devoted to evaluating the
direct influence of mucoadhesion and mucopenetration on the strength and quality of the
antigen-specific immune responses stimulated after mucosal vaccination. Consequently,
we provide an overview of polymer-based particles in the following sections. Based
on the available experimental findings, we analyzed the association between increased
mucoadhesive strength, mucosal penetrability, and enhanced immune response quality
after mucosal vaccination.

4.1. Chitosan and Chitosan Derivatives

Chitosan (CS) is a natural cationic polysaccharide obtained by the deacetylation of
chitin. CS has been widely used in various biomedical applications due to its biodegradabil-
ity, biocompatibility, low toxicity, immunogenicity, and mucoadhesive properties [105–107].
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The mucoadhesive properties of CS are attributed to the protonation of the amino groups
in weakly acidic media, which interact with the negatively charged sialic acid moieties
of mucin. However, different chemical processes have been applied to CS to improve its
application limitations, such as high hydrophilicity, low solubility from pH 7.4, high degree
of swelling, and thermal stability [108,109]. These modifications, in turn, are favorable to
promoting adhesion to mucosal surfaces and, as a result, enhance mucosal contact time.

For example, the chemical conjugation of CS with hydrophilic ethylene glycol branches
improves solubility in water at neutral and acid pH values and its steric stability [110,111].
Pawar and Jaganathan (2016) compared the immunogenicity of CS NPs and glycol chitosan
(GC) NPs loaded with a hepatitis B surface antigen (HBsAg) after nasal administration in
Balb/c mice. While the anti-HBsAg antibody titer induced by HBsAg alone was minimal,
HBsAg conjugated with GC NPs significantly increased serum IgG and IgA antibody titers
in nasal, saliva, and vaginal secretions, compared to the CS-conjugated group. Splenocytes
isolated from mice immunized with GC NPs and CS NPs secreted significantly higher
amounts of IL-2 and IFN-γ than the control mice immunized with Alum-adsorbed HBsAg.
Nasal clearance studies of radiolabeled particles in rabbits showed a nasal cavity retention
time of up to 240 min for GC NPs (20% radioactivity) compared to 180 min for CS NPs
(20% radioactivity) and 90 min for HBsAg alone (<20% radioactivity). In confirming nasal
deposition after nasal administration in mice, only formulations with GC and CS NPs
were retained in the NALT at 30 min, with higher fluorescence intensity for GC NPs than
FITC-BSA [112].

Similarly, adding cross-linking agents, such as tripolyphosphate (TPP), improves
the encapsulation efficiency during the elaboration of CS NPs [113]. Co-crosslinked
vanillin/TPP was used for developing a trivalent oral vaccine (DwPT). Studies of the
adhesion behavior of the microspheres were related to the ζ-potential of the groups, the
electrostatic interaction between the positively charged CS and the negatively charged sialic
acid of mucin, and the degree of cross-linking. Thus, the highest swelling index was for the
group with the lowest degree of cross-linking. Batches with electropositive charge (placebo
CS microspheres, diphtheria toxoid (DT) CS microspheres, and tetanus toxoid (TT) CS
microspheres: ~+30 mV) showed a higher adhesion to mucin than those with ζ-potential
around +10 mV (whole-cell pertussis (wP) CS microsphere and trivalent (DwPT)). Antibody
response in serum corresponded to the mucoadhesion of the microspheres, developing
a higher IgG antibody titer in TT and DT batches on days 28 and 35 after immunization,
followed by batches with a lower adherence (PT: pertussis toxin). This response was
consistent with that observed in saliva and intestinal secretions [114].

Other derivatives of CS have been developed to improve, specifically, absorption and
bioadhesion properties. Currently, the most used are obtained by quaternization, acylation,
thiolation, and carboxymethylation [109]. Trimethyl chitosan (TMC), a quaternized deriva-
tive of CS with polyampholytic properties, improves CS solubility without affecting its
mucoadhesive cationic nature, reduces cytotoxicity, and enhances absorption on mucosal
surfaces in a wide range of pH values, increasing the carrying capacity [115–117].

In 2010, Vyas laboratory used PLGA microparticles (MPs) coated with CS and TMC
for the intranasal administration of HBsAg to mice. While unmodified PLGA MPs had a
negative ζ-potential (−14.4 ± 1.2), the coating with CS and TMC increased the ζ-potential
to values between +5 mV and +10 mV for PLGA/CS MP and +10 mV and +20 mV for
PLGA/TMC MP. The authors also indicated that the ζ-potential directly influenced the
adsorption capacity of MPs to mucin, i.e., PLGA MPs showed insignificant mucin retention,
while CS-PLGA and TMC-coated MPs had significantly higher mucoadhesive proper-
ties. Remarkably, this increase in mucoadhesion improved the immunogenicity of the
formulation. However, PLGA/TMC MPs induced substantially higher antibody IgG titers
throughout the study than PLGA/CS MPs, both in serum and distal mucosal sites [118]. A
second study found the same results with PLGA/TMC NPs and demonstrated the adju-
vanticity effect of TMC through the stimulation of dendritic cell maturation. Furthermore,
TMC-coated MPs were selectively taken up by M cells in the NALT following nasal ad-
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ministration compared to the FITC-BSA solution, which would substantially explain the
enhancement of vaccine formulations’ immunogenicity [119].

Another quaternized CS derivative is N-[(2-hydroxyl-3-trimethyl ammonium) propyl]
CS or HTCC. HTCC polymers have different degrees of quaternization or extent of positive
charge [116]. Zhang et al. prepared OVA-loaded curdlan sulfate-O-HTCC NPs as an
intranasal vaccine system. Although the inclusion of curdlan, a β-glucan capable of
activating innate immune cells via Dectin-1 receptors and TLR-4 [120], could promote the
antigen-specific immune response, its negative surface charge was considered a limitation
for mucosal application. For this reason, O-HTCC was added, which, in addition to
conferring a positive ζ-potential on the particle, improved its adhesion and subsequent
internalization by epithelial cells due to its high viscosity. The OVA–curdlan–O-HTCC
complex led to higher OVA-specific CD4+ T-cell, CD8+ T-cell, and B-cell proliferation
when nasally administered to mice, compared with the proliferation induced by OVA,
OVA–curdlan, OVA–CS, or CS–curdlan [121].

Carboxymethyl chitosan (CMCS) is another water-soluble CS derivative with an
improved degradation rate, a desired characteristic for its use in vivo [122]. Recently,
CMCS was also used to coat the surface of calcium phosphate (CaP) NPs. The electrostatic
interactions and hydrogen bonds between mucin and CaP–CMCS–BSA allowed in vitro
adhesion close to 90% compared to CaP–BSA adhesion (60%). Additionally, the diffusion
efficiency was higher for CaP–CMCS–BSA than for CaP–CS–BSA, CaP–BSA, and BSA alone.
The coating with CMCS and CS improved the apparent permeability coefficient in the
mucus layer at 2 h, an index of apical to basolateral transport. Ex vivo biodistribution in
a rat study showed that CaP–CMCS–BSA/FITC absorption was improved in the small
intestine at 2 h compared to CaP–CS–BSA/FITC, attributed to the change in surface charge
caused by coating with CS and its derivative (CaP–CMCS–BSA, ζ-potential: −4.7 mV
vs. CaP–CS–BSA, ζ-potential: 8.5 mV). These findings are correlated with the efficacy of
oral vaccination since the levels of IgG and sIgA antibodies in sera and feces, respectively,
increased after each boost in the animals that received CaP–CMCS–OVA compared to OVA
alone [123].

For their part, methyl CS has been studied for diverse biological activities, including
as tissue regeneration activator, absorption enhancer, and mucoadhesive [124]. Suksamran
et al. evaluated methylated CS MPs for entrapping OVA. Calcium alginate MPs–OVA,
calcium alginate–yam starch microparticles (YMP)–OVA, and (YMP)–OVA coated with
methylated N-(4-N, N-dimethylaminocinnamyl) CS (TM65CM50CS) were used in this work.
The evaluation of swelling showed that the degree and rate of swelling of the TM65CM50CS-
coated MPs were higher than those uncoated, both in HCL pH 1.2 and in PBS pH 7.4.
Similarly, the in vitro mucoadhesion study using the everted gut sac with porcine jejunum
showed that, while the adherence percentages of calcium alginate MPs and YMP MPs were
low (29.62% and 11.29%, respectively), the coating with TM65CM50CS of both particles
increased mucosal adhesion during the first hour (45.64% and 43.38%, respectively). Oral
immunization resulted in significantly higher IgG and IgA levels in mice receiving OVA-
loaded TM65CM50CS-coated MPs, which again confirms the role of mucoadhesive polymers
in immunogenicity [125].

The ζ-potential of the CS-based vaccines significantly influences the induction of an
immune response affecting more than one mechanism. Jesus et al. demonstrated that. after
the intranasal administration of polycaprolactone/CS (PCL/CS) NPs in C57BL/6 mice, the
lowest dose of adsorbed antigen (1.5 µg HBsAg) induced antibody titers comparable to the
dose containing six times more adsorbed antigen (10 µg HBsAg). Furthermore, this group
had the highest number of responding animals. However, serum IgG titers were signifi-
cantly low compared to previous studies with the same dose of antigen (1.5 µg HBsAg), so
the authors suggested that the decrease in ζ-potential (CS: +30 mV) to values close to neu-
trality generated by antigen interaction (PCL/CS: +26 mV; PCL/CS: 1.5 µg HBsAg: +22 mV;
PCL/CS:10 µg HBsAg: +5.7 mV) leads to a reduced uptake in the epithelial barrier. These
observations were independent of the mucoadhesive behavior of the particles without anti-
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gen evaluated in vitro. Therefore, the authors suggested that the antigen on the particle’s
surface reduces the ζ-potential and hinders the interaction with mucin in vivo, avoiding
particle–cell interactions and ultimately impacting the immune response [126]. Although
this finding contradicts what was observed for other CS-based particles reviewed, it high-
lights the importance of assessing the mucoadhesion of the polymeric system alone, as well
as the particle-entrapped antigens of interest.

4.2. Cellulose Derivatives

Carboxymethylcellulose (CMC), an anionic and water-soluble cellulose derivative [127],
has been successfully used as a mucoadhesive polymer to enhance immune responses.
Hanson et al. developed CMC and alginate (ALG) wafers loaded with the HIV gp140
protein and with α-GalSer as an adjuvant. In ex vivo tests with porcine sublingual mucosa,
wafers with a higher CMC content withstood intense mucosal washings and had a higher
tissue penetration of the coupled protein (fluorescently labeled bovine serum albumin
(BSA)) compared to wafers with a higher ALG content and the free protein. However,
the presence of ALG in the formulation was necessary to maintain protein stability on the
wafer. Following sublingual administration in mice, most mucoadhesive wafers generated
a greater T-cell response in the lungs and cervical lymph nodes [128]. In other studies, it
has been suggested that CMC’s viscosity and anionic structure allows the formation of
ionic bonding and hydrogen bonds with mucin layers [129–131].

4.3. Mannan-Decorated Polymeric Particles

Similar results have also been achieved using the dual immunostimulant and mu-
coadhesive capacity of mannan isolated from the cell wall of Saccharomyces cerevisiae [132].
Mannans present immunostimulatory activity via pathogen recognition receptors (PRRs)
in APCs. An in vivo optical imaging system, following the intranasal administration of
thiolated hydroxypropylmethylcellulose phthalate microspheres (Man-THM), showed
that mannan decoration increased the residence time of Cy5.5-conjugated OVA-loaded
Man-THM in the respiratory mucosa compared to OVA alone or OVA-loaded THM. Subse-
quently, the mucosal immune response was evaluated following the nasal immunization
of the ApxIIA toxin from Actinobacillus pleuropneumoniae loaded in the MPs groups. The
findings also demonstrated that the microspheres reached the lungs and secondary lym-
phoid tissues and induced systemic IgG and secretory IgA responses to the ApxIIA in
bronchoalveolar lavage (BAL) and nasal and vaginal washes. Although the immunostimu-
latory role of mannosylation in enhancing immunogenicity has been reported [133,134], in
this work, the authors highlighted the mucoadhesion of the mannosylated microspheres to
explain the improved immunogenicity in vivo.

4.4. Alginate Coating

Vyas and his team (2014) assessed the coating of CS MPs with alginate (A-CSMp). In
contrast to most of the works reviewed up to this point, where the positive surface charge
plays a fundamental role in adhesion to mucin, alginate as an anionic polyelectrolyte
changes the ζ-potential of the particle to an electronegative value (−29.7 mV). FITC-BSA
was rapidly washed from rat jejunal tissues; however, the in vitro retention time in the
mucosa was prolonged when FITC-BSA was associated with A-CSMp. In the same way,
in the in vivo assays, only A-CSM loaded with FITC-BSA successfully generated uptake
by M cells in Peyer’s patches. When evaluating the efficacy of the particulate system in
an oral anthrax vaccination model, high-titer anti-PA serum IgA and IgG antibodies were
observed in animals receiving particles loaded with antigens compared to the free Bacillus
anthracis protective antigen [135].

Similarly, Saraf et al. loaded alginate-coated CS NPs (ACNPs) with HBsAg anchored
to E. coli EH-100 lipopolysaccharide (LPS) (LPS-HBs-ACNPs) as an adjuvant for oral
administration. As expected, the alginate coating changed the ζ-potential of the NPs
from +45.2 mV (0.5% CS-0.1% TPP) to −26.2 mV (0.5% CS-0.1% TPP-2% alginate-2%
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LPS) due to the negatively charged -COO- electrostatic interaction of the alginate on the
positively charged -NH3 of the CS. Despite the ζ-potential’s more negative values, in vitro
mucoadhesion studies showed that alginate-coated NPs were more mucoadhesive than
CS NPs alone. Although anti-HBsAg serum IgG titers were higher for HB-ACNPs after
oral administration, sIgA antibody titers in mucosal secretions were higher for LPS-HBs-
ACNPs. The anchoring of LPS targeted the NPs to M cells, conferring immunogenicity to
the system [136] independently of the mucoadhesive properties of ACNPs. As in the case of
LPS, any ligand can be anchored to the particulate system to target it and to allow specific
binding to M cells or mucosal epithelial cells. Excellent reviews have been conducted on
this topic [137–139].

On the other hand, sodium alginate protects the NPs from the hostile environment
of the gastrointestinal tract, the same as the introduction of hydrophilic groups, such as
hydroxyalkyls, carboxyalkyls, succinyls, and thiols, or polymer grafts, such as PEG. In this
way, Amin and Boateng (2022) proposed a system based on OVA-loaded CS NPs coated
with sodium alginate or PEG for oral vaccine administration. Both sodium alginate and PEG
coatings increased the stability of NPs upon exposure to gastric fluids with the protection of
the encapsulated protein (4 h and 1 h, respectively), compared to uncoated NPs (<30 min).
After transfer into simulated intestinal fluid, both coatings showed stability for 120 h,
although with different release profiles of OVA. Increased alginate concentrations were
related to a higher level of mucin binding. According to the authors, the alginate coating
ensures stability, allows a higher antigen load to reach the site for mucosal immune response,
improves mucoadhesive properties, and enhances the sustained release of antigen-loaded
NPs [140].

4.5. Xyloglucan

Xyloglucan (XG), a non-anionic polysaccharide and the main hemicellulose compo-
nent, has been applied with Quillaja saponins to vaccine formulations against brucellosis.
While Brucella LPS was weakly immunogenic, when B. abortus LPS-loaded XG NPs were
administered nasally to Balb/c mice, higher systemic and mucosal IgG antibody levels
and mucosal IgA were induced. Increased immunogenicity was associated with a greater
mucoadhesion force of the XG and the LPS-XG NPs compared to the LPS alone, as well as
the ex vivo retention of LPS-XG NPs over 24 h in goat mucosa [141].

As in the case of CS, XG has been previously used in pharmaceutical applications in
different formulations and by different routes, including mucosal, transdermal, and in-
traperitoneal, due to its biodegradability, cost-effectiveness, and non-toxicity. Some authors
have suggested that the XG molecular structure, “mucin-like,” is responsible for mucoad-
hesive properties, including swelling capacity and increasing concentration-dependent
viscosity [142,143]. All these characteristics, taken together, expand the possibility of the
future use of XG in mucosal vaccinations [144].

4.6. Poly (Acrylic Acid) and its Derivatives

Poly (acrylic acid) and its derivatives have excellent mucoadhesive capacity compared
to cellulose, polycarbophil, chitosan, and pectin [145–147]. An example is Carbopol®, a
highly cross-linked hydrophilic polymer, which provides it with mucoadhesive and vis-
coelastic properties. Coucke et al. used spray-dried powders of amylopectin (Amioca®)
with polyacrylic acid (Carbopol® 974P) in different proportions (SD 0/100, 25/75, 50/50,
85/15, and 100/0) for the intranasal administration of H3N2-inactivated influenza virus
and in combination with the LTR192G adjuvant in rabbits. The formulation SD25/75
induced the highest serum response of IgG anti-haemagglutinin compared to the formula-
tion SD100/0, thus highlighting the importance of polyacrylic acid. Despite this, neither
SD25/75 nor SD0/100 induce a local mucosal response. The immune response was directly
related to the negative ζ-potential of Carbopol® 974P and the mucoadhesive properties of
the formulations. The reticulated, predominantly elastic, or highly structured character-
istics of SD25/75 (G’ >> G”) increased the residence time in the nasal cavity. In contrast,
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the lowest viscosity and cross-linking of SD100/0 were associated with a low mucosal
retention [148].

4.7. γ-PGA

The poly-γ-glutamic acid (γ-PGA)-based vaccine adjuvant, an anionic biopolymer,
was used for the intranasal delivery of the influenza fusion protein sM2HA2 and OVA,
co-administered with 3-O-desacyl-4′-monophosphoryl lipid A (MPL) and QS21 in a system
denominated γ-PGA/MPL/QS21(CA-PMQ). Using in vivo single-positron-emission com-
puted tomography imaging, it was possible to determine that γ-PGA increased the OVA
residence time by up to 12 h in the nasal cavity. This signal decreased at 6 h when OVA was
administered alone. This result is correlated with the higher serum IgG, IgG1, and IgG2a
antibody responses in the groups vaccinated with OVA/CA-PMQ and sM2HA2/CA-PMQ
compared to the groups that received OVA and sM2HA2 alone, as well as being superior to
that induced by the cholera toxin used as a mucosal adjuvant. Likewise, animals vaccinated
with the antigen/CA-PMQ induced more IL-4 and IFN-γ–secreting cell populations in the
spleens stimulated with OVA, sM2, and HA2 protein than mice immunized with proteins
alone or the control group. Additionally, the CA-PMQ induced high titers of sM2HA2-
specific IgA antibodies at the administration and distal sites, along with an increased
survival time (80–100%) following the challenge with influenza A subtypes and cleared
pulmonary viral titers [149]. The presence of carboxyl groups within γ-PGA can provide a
strong interaction with the mucus layer.

The anionic model (−35.5 mV) of Kurosaki et al. with benzalkonium chloride (BK)
and γ-PGA NPs in a complex with OVA (OVA/BK/γ-PGA) was used for pulmonary
administration. They observed an increased fluorescence intensity in the lung (Alexa647-
OVA/BK/γ-PGA) indicative of lung deposition compared to Alexa647-OVA. OVA/BK/γ-
PGA increased the levels of specific IgG antibodies, while in the animals that received
OVA or the vehicle (BK/γ-PGA), anti-OVA IgG was not detected. The induction of im-
mune responses at the mucosal site was also significantly higher in the OVA/BK/γ-PGA
group [150]. Their study did not discuss the role of γ-PGA mucoadhesion in the results
obtained. However, the authors suggest the uptake efficiency of BK/γ-PGA NPs by the
antigen-presenting cells in the alveolar region. Due to the high capture efficiency of parti-
cles <2 µm in the lung [151], the adhesion phenomenon could favor the increased particle
residence time in the lung mucosa. Evaluating bioadhesive properties in these systems
could help to improve rational vaccine design using polymeric particles.

4.8. Thiolated Polymers

The previously reviewed polymer-based adjuvants could be thiolated to improve
mucoadhesion. In the past two decades, important research has been conducted using
thiolated polymers or so-call “thiomers”, mainly in excipients for drug delivery. Thiomers
can interact with mucin through disulfide bonds with the cysteine-rich subdomains of
mucus glycoproteins [152]. These covalent bonds are supposed to have stronger binding
than the non-covalent interactions that are formed between the polymers and the sialic
acid of the mucus layer [153], improving the mucoadhesive properties of the polymers.

Using a tensile test and rotating cylinder method to obtain compressed tablets, Roldo et al.
demonstrated that increasing the number of thiol groups covalently attached to chitosan-
4-thio-butyl-amidine conjugated significantly improves mucoadhesion compared to un-
modified CS. Thiolation increased the total adhesion work (TWA, µJ) up to 100 times [154].
Similarly, thiol reactivity impacts mucopenetration. When the thiol reactivity is medium
to low, extensive interpenetration occurs in the mucus layer, with a larger interface for
disulfide bond formation. Conversely, highly reactive thiols have difficulty penetrating
through the mucus because they form disulfide bonds with the mucins on the surface of
the mucus layer, facilitating their rapid removal through mucus turnover [155].
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In a recent study, Sinani et al. immunized Balb/c mice with BSA-loaded NPs prepared
using aminated CS (aCS) and aminated and thiolated CS (atCS) polymers; mice were nasally
immunized at 14-day intervals. At the end of the experiment (day 253), the nanoparticles
(aCS and atCS) induced a more robust systemic response, resulting in an almost two orders
of magnitude higher systemic IgG titer than the BSA/CpG ODN control, with atCS being
the best. These results are correlated with the increased mucoadhesion observed in the
aCS and the atCS. Both aCS and atCS modulated the Th2 immune response and enabled
immune response at distal mucosal sites [156].

Cellulose acetate phthalate (CAP) is widely used as an enteric coating for pharmaceu-
tical dosage forms due to its solubility at pH values above 6 (such as in the intestines) but
poor water solubility at a low pH (such as in the stomach). After exposure to intestinal
fluids, the polymer swells, with the subsequent softening or complete dissolution of the
phthalate, allowing the release of the biologically active compounds [157]. Lee et al. orally
immunized mice with M5BT, a chimerical multi-epitope recombinant protein of foot-and-
mouth disease virus (FMDV), alone, loaded in thiolated CAP MPs (T-CAP), or loaded
in non-thiolated MPs (CAP). In ex vivo studies in the porcine intestinal mucosa, T-CAP
mucoadhesion was 1.48-fold higher than CAP. The improvement in the mucoadhesion
properties was reflected in the highest production of antigen-specific IgG antibodies in
animals that received M5BT/T CAP. Similarly, this group of animals had significantly
higher levels of anti-M5BT IgA in fecal samples at 2 and 4 weeks due to the longer transit
time of antigens in the mucosa and increased MHC class II- expression on APC in PPs,
related to IgA production [158].

For cationic thiomers such as atCS, the interactions are predominantly driven by
electrostatic forces. In contrast, for anionic thiomers, such as T-CAP, interaction with the
mucus occurs through hydrogen bonds, van der Waals interactions, and chain entanglement.
In both cases, the bioavailability is improved by the extension of the residence time [159].
Notably, regardless of the surface charge of the polymer particles and resulting surface
forces, the thiolation of both polymers improved in vivo immune response.

Further evidence has shown that thiomers are susceptible to thiol oxidation at pH ≥ 5,
with their effectiveness being reduced following oral administration. Typically, thiol
groups (R-SH) can form disulfide bonds with mercaptopyridine substructures, whereby
thiol groups are stabilized against oxidation and increase their reactivity. S-protected
thiomers, so-called “pre-activated”, have shown greater mucoadhesion than unprotected
thiomers, according to Iqbal et al. (2012) [153]. In this work, Iqbal et al. synthesized a
polymer with improved mucoadhesive, cohesive, and in situ gelling properties. For this
purpose, poly (acrylic acid) (PAA), PAA-cysteine (PAA-cys), and 2-mercaptonicotinic acid
(2MNA) coupled with PAA-cys (PAA-cys-2MNA) were compressed into tablets, and the
mucoadhesion strength was determined by the rotating cylinder method. Adding thiol
groups improved the mucoadhesive properties 456-fold, while the S-protected thiomer
increased the contact time to 960-fold compared to unmodified PAA. These thiolated
nanosized carriers and others, such as thiolated cyclodextrins [155,160], are research fields
that may be explored further for mucosal vaccine development.

5. Enhancement of Epithelial Permeability by Polymer-Based Adjuvants

Although mucoadhesive molecules improve the bioavailability of drugs and antigens
administered via the mucosa, the mucus layer still limits passage into the epithelium. The
transit time of particles in the mucosa is determined by the physiological renewal time
of the secreted mucus layer [161]. Mucus turnover reduces the mucosal residence time
of particulate delivery systems because they can be trapped by the mucus and rapidly
eliminated [162], which could compromise their effectiveness as mucosal adjuvants.
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Therefore, polymer-based adjuvants are expected to adhere to the mucous layer,
penetrate the epithelium, and reach the inductive sites for mucosal immune responses
before being removed. Hence, this section briefly describes the strategies to facilitate mucus
barrier penetration and improve the permeability of polymer-based adjuvants once they
are in the mucosa.

5.1. Mucus-Penetrating Particles

Particles with a low adhesion and small size, thus with few steric hindrances to the
mucin network, are often referred to as mucus-penetrating particles. Unlike mucoadhesive
particles, mucus-penetrating particles seek to minimize the strength of electrostatic and
hydrophobic interactions with the mucin. Polymers with neutral or low positive charges
are generally included in the design of mucus-penetrating formulations. Several studies
have reported the surface coating of particles with PEG. PEG is used as an adhesion
promoter acting at the interface to improve adhesion. Hence, PEG chains tethered or
grafted are covalently attached at one end on the polymer surface while the other is
free, allowing PEG to diffuse from the polymer network to the mucus and enhancing
interpenetration [163]. Wang et al. further demonstrated the formation of hydrogen bonds
between the ether oxygen atoms of the PEG chain and glycosylated proteins of mucins.
Additionally, they reported PEG with a low molecular weight (2 and 10 kDa), near-neutral
surface charge (ζ-potential of 2 ± 4 and 1 ± 3 mV, respectively), minimized mucoadhesion
by reducing hydrophobic hydrogen bonding, and electrostatic interactions to have better
mucus-penetrating properties. The authors even proposed that PEG-covered particles
between −10 and −7 mV are within the interval that defines mucoadhesive vs. mucoinert
characteristics [164].

Despite its widespread use in over-the-counter drugs and vaccines, recent approaches
suggest that PEG is not immunologically inert [165–167]. Several authors demonstrated that
introducing PEG to mucosal vaccine formulations increases their protective efficacy [168,169].
Similarly, an extensive recent review explained the impact of PEGylation in terms of biodis-
tribution for anticipating safety and efficacy [170]. Therefore, it is essential to study the toler-
ability and safety profile of PEG, despite being an alternative to increased mucopenetration.

Some works have also raised doubts about coating particles with PEG due to surface
modifications that can alter the linked polymers’ physical and biological properties. Bam-
berger et al. evaluated the effects on APC response after functionalizing spermine NPs
with acetylated dextran (Sp-Ac-DEX) through a process called DEXylation and PEGylation.
The average particle size was considerably increased by DEXylation, with subsequent
aggregation. PEGylation and DEXylation decreased the primary amines and, therefore, the
ζ-potential. This was reflected in the 20% reduction in the cell viability of bone-marrow-
derived dendritic cells and macrophages treated with DEXylated NPs, whereas PEGylation
treatment increased viability by 10–20% compared to unmodified NPs. However, the bind-
ing and cellular uptake of surface-modified NPs was lower in PEGylated particles [171].

Other polymers with mucopenetration ability are poloxamers, also known as Pluronic®.
These block copolymers consist of hydrophilic poly (ethylene oxide) (PEO), and hydropho-
bic block-poly (propylene oxide) (PPO) ordered in an A-B-A triblock structure: PEO-
PPO-PEO [172–174]. Díaz et al. demonstrated that the addition of mucoadhesive and
thermosensitive poloxamer 407(F127)-based hydrogels to CS microspheres in a formulation
for nasal and conjunctival ram immunization improved both local and systemic humoral
immune responses against the BLSOmp31 antigen, an outer membrane protein of Brucella
spp., along with the reduced excretion of Brucella ovis [175]. Pastor et al. proposed a
Pluronic® (PF127) and Gantrez® AN119 thermally sensitive hydrogel for intranasal vac-
cine delivery since the hydrogel increases the residence time of the antigens in the nasal
epithelium, allowing their penetration into the deep skin layers of the nose thus reaching
the submucosa, where they can trigger an immune response [176].
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Another type of mucopenetrant includes nanoemulsions (NEs). Di Cola et al. evalu-
ated PEG-coated O/W NEs with emulsified, added CS as a proposal for the nasal admin-
istration of drugs or vaccines. They observed that CS-added NE led to a local shrinking
of the mucin gel network, forming larger pores between the mucin bundles. This phe-
nomenon does not occur in the absence of CS. The SAXS (small-angle X-ray) monitoring
of the penetration of solute CS-added NE into the PGM showed a higher diffusion over
time (20 min) through the mucus mesh. SANS (neutron scattering) confirmed that, unlike
the steric hindrance caused by the pore-like size of mucus caused by mucoinert NPs, the
CS-added NE based on Solutol® mucopenetrates by the collapse of the mucus mesh [177].

Coating dextran particles with mucopenetration properties have also been explored to
improve drug administration performance [178–181] and enhance immunoadjuvant activity
in vivo [182]. Other strategies, such as coating polymeric particles with polydopamine
(PDA) [183] or cell-penetrating peptides [184] used in drug delivery, might be explored and
characterized in mucosal vaccines, as well as continuing the search for new adjuvants with
mucopenetrating properties.

5.2. Permeation of Polymeric Particles via the Mucus Layer

An additional consideration for the design of polymer-based particles is passing
through the second barrier, the epithelial cell membrane. The permeability of peptides, pro-
teins, and drugs is often deficient. In this sense, absorption enhancers have been developed,
which, in addition to preventing enzymatic degradation, facilitate the opening of the epithe-
lial barrier and improve absorption through intracellular or paracellular mechanisms [185].
Absorption and permeation enhancers include surfactants, such as bile salts, fatty acids,
phospholipids, tight junction modulators, cyclodextrins, and detergents [186–189]. This
group also includes mucolytic agents, such as acetylcysteine or enzymes, which can de-
crease the elastic properties and dynamic viscosity of the mucus, influencing the integrity of
the mucus layer [190]. For example, Zhang et al. reported the oral administration, in mice,
of self-assembled nanoparticles with recombinant urease subunit B from Helicobacter pylori,
coated with a cell-penetrating peptide, and coated with PEG derivative. NPs were trans-
ported transepithelially, improving the systemic and mucosal antibody response and the
protection against H. pylori after the challenge [191]. It will be essential to continue studying
absorption enhancers in mucosal vaccine formulations to improve the immune response.

6. Challenges and Opportunities

For several decades, many polymer-based particles have shown promise as potential
human mucosal vaccine adjuvants due to their biodegradability, biocompatibility, and
nontoxicity characteristics. Added to this is the extensive study of the adjuvant mecha-
nisms of particulate systems. However, in the mucosa, the mucin networks that cover
the compartments are often considered a barrier for the particles, so the mucoadhesive
and mucopenetrating capacity of the polymer-based particles often defines their adjuvant
mechanism of action.

The search for polymers with better mucoadhesive properties, regardless of the poly-
mer’s source, but focusing on the physicochemical characterization of polymeric particles
and the contribution of these properties to mucoadhesion, will allow the rational design of
mucosal vaccines. However, it is not an easy task because, on the one hand, the smallest
nanoparticles are the most mucopenetrating. Still, on the other, there is a lack of studies that
suggest an ideal surface charge or a hydrophobicity that favors adhesion. At the same time,
it cannot be ignored that there are multiple other cellular mechanisms to elicit the immune
response triggered by the polymeric particles, i.e., enhanced antigen uptake, immune cell
presentation and recruitment, and traffic to lymph nodes.
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Studies demonstrating the correlation between the observed immune response, the
physicochemical characteristics, the mucoadhesion, and the mucopenetration ability are
scarce. More studies that examine all these factors simultaneously are required to position
mucoadhesion as another immune response mechanism necessary for designing more
efficient polymer-based particulate adjuvants.

7. Conclusions

The COVID-19 pandemic highlighted the need for mucosal vaccination as an effective
strategy to eradicate infectious diseases that have the mucosa as a natural route of infection.
Mucoadhesion is probably the most important feature to improve local and systemic
immune responses since, by prolonging the residence time of particulate polymers in
mucosal tissues, the absorption and sometimes penetration through the mucosal epithelia
are allowed and improved. In this sense, studying the physicochemical characteristics of the
polymeric particles used as mucosal vaccine adjuvants and how they affect mucoadhesion
is crucial to developing new mucosal vaccines.
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Abstract: Melanin is an insoluble, amorphous polymer that forms planar sheets that aggregate
naturally to create colloidal particles with several biological functions. Based on this, here, a pre-
formed recombinant melanin (PRM) was utilized as the polymeric raw material to generate re-
combinant melanin nanoparticles (RMNPs). These nanoparticles were prepared using bottom-up
(nanocrystallization—NC, and double emulsion–solvent evaporation—DE) and top-down (high-
pressure homogenization—HP) manufacturing approaches. The particle size, Z-potential, identity,
stability, morphology, and solid-state properties were evaluated. RMNP biocompatibility was de-
termined in human embryogenic kidney (HEK293) and human epidermal keratinocyte (HEKn)
cell lines. RMNPs prepared by NC reached a particle size of 245.9 ± 31.5 nm and a Z-potential of
−20.2 ± 1.56 mV; 253.1 ± 30.6 nm and −39.2 ± 0.56 mV compared to that obtained by DE, as well
as RMNPs of 302.2 ± 69.9 nm and −38.6 ± 2.25 mV using HP. Spherical and solid nanostructures
in the bottom-up approaches were observed; however, they were an irregular shape with a wide
size distribution when the HP method was applied. Infrared (IR) spectra showed no changes in the
chemical structure of the melanin after the manufacturing process but did exhibit an amorphous
crystal rearrangement according to calorimetric and PXRD analysis. All RMNPs presented long
stability in an aqueous suspension and resistance to being sterilized by wet steam and ultraviolet
(UV) radiation. Finally, cytotoxicity assays showed that RMNPs are safe up to 100 µg/mL. These
findings open new possibilities for obtaining melanin nanoparticles with potential applications in
drug delivery, tissue engineering, diagnosis, and sun protection, among others.

Keywords: melanin nanoparticles; preformed recombinant melanin; nanocrystallization; high-
pressure homogenization; double emulsion–solvent evaporation

1. Introduction

Melanin is an irregular, amorphous polymer of high molecular weight, generated by
the oxidative polymerization of various indole and phenolic compounds such as L-tyrosine
or levodopa (L-DOPA), which forms graphite-like planar sheets that aggregate naturally in
a hierarchal fashion to form colloidal structures that can reach diameters of hundreds of
nanometers [1]. The physical properties that make melanin unique are its light-absorbing
ability, chemical resistance, electrical conductivity, and its low or null solubility in organic
solvents or acidic aqueous media [1,2]. This natural polymeric pigment is distributed in
all taxa of nature in compact granules integrated into the cytoplasm of different cells such
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as plant cell walls, some bacteria, fungi, the feathers of birds, and in the skin and hair
of mammals [3]. Melanin has several biological functions, including protection against
oxidizing agents [4,5], thermoregulation, the promotion of cell proliferation and differen-
tiation [6]; it aids against osmotic and temperature changes [7], the capture of ultraviolet
radiation [8], and it possesses chelating properties and immunomodulatory activities [9].
Several melanin types are derived from the evolutionary process: eumelanin is present
in animals and humans as part of dark colors; pheomelanin is regularly associated with
proteins to form chromoproteins that give a reddish-yellow coloration, and pyomelanin
that is found in some fungi [10]. In humans, pheomelanin and pyomelanin are also found
in other tissues and organs such as the retina, hair, brain, and liver [11]. Eumelanin is a
brown-to-black pigment produced in humans by melanocytes (cells found in the basal layer
of the epidermis in the skin) and it is distributed in granules ranging in size from 200 to
300 nm in the keratinocytes of the skin [12]. Knowledge of the melanin-formation route
and of its properties as a polymer has enabled synthetic or biotechnological melanin to be
obtained, which can be controlled in the physical characteristics or handled to generate
new materials, such as copolymers, composites, or nanostructures [13,14].

Several studies have highlighted the potential use of melanin nanoparticles (MNPs)
in different areas; their semiconductor properties have led to the generation of electronic
films [15,16] and their high radiation-absorption capacity and antioxidant properties have
been exploited to serve as adjuvants in cancer-radiation therapy [17,18] and sun protec-
tion against UV radiation [19,20]. In addition, they have also been suggested as drug
carriers [21,22]. Other findings have shown an MNP affinity for metal ions such as Mg2+,
Ca2+, and Na1+, acting as chelating agents, or with the ability to trap metal ions with
a potential toxic effect, such as Cd2+ and Pb2+ [23]. Furthermore, MNPs present good
photoacoustic properties that have been used for the diagnosis of breast tumors [24,25] and
as a contrast agent in optoacoustic tomography [26]. Other studies have demonstrated that
MNPs could protect hematopoietic cells from free radicals induced by gamma radiation in
mice [27]. Additionally, along with developing new biomaterials, such as biodegradable
polymers, MNPs have become useful in tissue engineering, serving as a support and guide
for proper cell growth by forming biofunctional structures [28].

The most common manufacturing process for obtaining synthetic MNPs reported
in the literature has mainly been the in-situ polymerization method by the oxidation of
L-tyrosine, its natural precursor. However, biotechnology and genetic engineering have
made it possible to obtain melanin in industrial quantities from recombinant sources,
with the advantage of knowing its chemical, physical, and physicochemical properties
prior to material manipulation in a nanoparticle manufacturing process [29,30], favoring
homogeneous production and improved quality control. This preformed raw material can
be controlled in molecular weight and chemical structure, and due to its mechanical and
thermal resistance, may be nanosized using different techniques without the necessity of
polymerization reactions, allowing its use in large quantities.

On the other hand, there are two different approaches to address the nanotechnology,
that is, bottom-up and top-down, which include all the existing manufacturing methods to
generate nanoparticles. For the selection of the best approach, it is necessary to know the
raw material in terms of the solid state, chemical behavior, solubility, pH dependence, and
mechanical or thermal behavior [31]. The bottom-up approach starts from the molecular
or atomic state of matter, employing methods that benefit the assembly or aggregation of
material until the nanostructure is achieved. A common feature in the methods developed
by this approach is that precursors or raw materials should be in molecular dispersion,
that is, previously dissolved, to permit the addition of an antisolvent, or create an envi-
ronment where nanoparticle formation is promoted; the use of surfactants or stabilizers
plays an essential role in these methods [32]. Technologies such as microemulsion, single
or multi-emulsion (double)—with subsequent evaporation, extraction, or diffusion solvent,
as well as interfacial emulsion polymerization and nanoprecipitation—are included in
this approach [33,34]. The top-down approach refers to the production of nanostructures
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from macrometric materials by means of size reduction through various techniques such
as milling media, fragmentation, cutting or engraving, machining film processes, pho-
tolithography, printing, or homogenization at high or ultra-pressure. These manufacturing
methods require large amounts of energy and generate large amounts of heat, posing a
great danger to labile materials [31,32].

In this work, recombinant melanin nanoparticles (RMNPs) were obtained utilizing
three different manufacturing methods (nanocrystallization, double emulsion–solvent evap-
oration, and high-pressure homogenization), by manipulating a preformed recombinant
melanin (PRM) as a new raw polymeric material, with the aim of evaluating and exploring
its capacity to be utilized to generate nanoparticles when these manufacturing approaches
are applied, as well as of evaluating the effect of the process parameters on the physical
properties of the nanoparticles. Methods were optimized to generate RMNPs with a target
size of ~250 nm using statistical techniques. The nanoparticles were characterized by their
physical, chemical, physicochemical, and in vitro biocompatibility properties.

2. Materials and Methods
2.1. Materials and Cell Lines

Preformed recombinant melanin was donated by the Institute of Biotechnology—
UNAM. Briefly, melanin was obtained using a platform of recombinant Escherichia coli,
expressing the tyrosinase gene from Rhizobium etli by Chávez-Béjar et al. [35]. Sodium
hydroxide, ammonium hydroxide and hydrochloric acid were purchased from JT Baker
(Monterrey, Mexico) (>99% pure; analytical reagent). Solvents such as propanol, hexane,
benzene, dichloromethane, glyceryl triacetate, n-butanol, octanol, ethyl acetate, ethanol,
acetone, isopropyl alcohol, and isobutyl alcohol were supplied by Fermont (Monterrey,
Mexico) and Sigma-Aldrich (Saint Louis, MO, USA) (>98% pure; reagent grade). Polyvinyl
alcohol (PVAL, Mowiol 4-88) and polysorbate 80 (Tween 80), used as stabilizing agents,
were supplied by Sigma-Aldrich (Saint Louis, MO, USA). Distilled water from a Milli-Q
filtration system was used throughout the experiments (Millipore, Billerica, MA, USA).

Two types of certified cell lines were used: human embryonic kidney (HEK293)
(ATCC CRL-1573) and human epidermal keratinocytes from normal neonatal foreskin
(HEKn) (ATCC PCS-200-010). HEK-293 cells were cultivated using Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F-12 (DMEM/F12-GIBCO) supplemented with 10%
FBS (GIBCO), 3.574 g/L of (4-(2-hydroxyethyl)-1-piperazinaetanosulfonic [HEPES]), and
2.44 g/L of sodium bicarbonate. HEKn cells were grown using Dermal Cell Basal Medium
(DCBM) (ATCC PCS-200-030) supplemented with a specific Keratinocyte Growth Kit (ATCC
PCS-200-040) in T-75 culture flasks in an atmosphere of 5% CO2 at 37 ◦C, according to the
instructions provided by the manufacturers. Percentage of cell viability was determined
using two different standard methods such as Trypan Blue staining (Sigma-Aldrich; Saint
Louis, MO, USA) and MTS (CellTiter 96®Aqueous One Solution Cell Proliferation Assay;
PROMEGA, Madison, WI, USA).

2.2. Characterization of Preformed Recombinant Melanin (PRM)

PRM was previously generated by Chávez-Béjar et al. [35,36], through a biopro-
cess in which plasmid pTrcMutmelA with the MutmelA gene of Rhizobium etli that en-
codes for the enzyme tyrosinase was used to transform Escherichia coli W3110 into E. coli
W3110/pTrcMutmelA, a strain capable of producing eumelanin from L-tyrosine as substrate.
The donated melanin was a dark brown-colored material, with an irregular shape and an
amorphous granular aspect (Figure S1A). One hundred g of this preformed melanin was
placed in a mortar and pulverized for 10 min until a fine powder was obtained (Figure S1B).
This powder was used as the raw material in all further studies and characterized in terms
of chemical identity, apparent solubility, and capacity to be sterilized by wet steam to define
the process conditions in the melanin-nanoparticle manufacturing methods.
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2.2.1. Melanin Identity by FTIR and UV–Vis Spectrophotometry

The IR and UV–Vis spectra of the PRM were obtained. In brief, for IR studies, 2 mg
of pulverized PRM was placed onto the ATR implement of the FTIR spectrophotometer
(ABB-MB3000 FTIR, ABB Group, QC, Canada). Then, 150 scans per sample were mea-
sured, in the range of a wavenumber of 500–4000 cm−1, with a resolution of 16. The
reported IR spectrum represents the average of the scans. To record the UV–Vis spectrum,
a PRM solution was prepared from 25 µg/mL in 1 N NaOH, with the scanning of the
light absorption in the UV–Visible region of the electromagnetic spectrum, in a wavelength
range of 200–800 nm, utilizing a double-beam Cary 60 UV–Vis spectrophotometer (Agilent,
Santa Clara, CA, USA), employing 1 N NaOH solution as blank. The maximal absorption
wavelength for PRM was set from the UV spectrum. PRM identity was verified by com-
paring the obtained spectra with the melanin IR and UV spectra previously reported in
the literature.

2.2.2. Apparent Solubility

The apparent solubility of PRM in different solvents was carried out to determine the
subsequent approach and strategy to generate recombinant melanin nanoparticles (RMNP).
Briefly, 10 mg of PRM raw material was added to a series of 10 mL test tubes, which were
labeled with the test solvent. Then, increasing amounts of 100 µL of different dissolution
media, organic solvents (of different polarities) or aqueous media (at different pHs), were
added until complete dissolution was observed, or a maximal volume of 10 mL was reached.
All samples were shaken vigorously with the aid of a vortex. When 10 mL of solvent was
used and no dissolution was observed, the result was taken as “practically insoluble in the
medium”. Tests were performed in triplicate, reporting an average in mg/mL.

2.2.3. Autoclavable Resistance

To assess the resistance of the PRM raw material to the wet steam sterilization process,
three samples of 2 g of powder, placed in a 10 mL test tube, were sterilized in a Hinotek
autoclave (YXQ-LS-SII Vertical type; Hinotek, Ningbo, China), for 20 min at 121 ◦C and
at 15 psi of pressure. Afterward, to evaluate the chemical stability, the IR spectra of the
samples were obtained, employing the methodology mentioned previously.

2.3. Obtaining Recombinant Melanin Nanoparticles (RMNPs) by a Bottom-Up Approach

Since the manufacture of nanoparticles under this approach requires manipulation of
the material at a molecular level, the results of apparent solubility were considered to select
the manufacturing methods. Due to melanin being only soluble in alkaline aqueous media
(pH > 12), the manufacturing methods of nanocrystallization and double emulsion–solvent
evaporation were selected, where the dissolution medium or the aqueous phase was a 1N
of NaOH solution.

2.3.1. Nanocrystallization Method (NC)

The preparation of RMNPs by the nanocrystallization method (nanoprecipitation)
was performed using an adaptation of the methodology proposed by Chen et al. [31,37].
Nanoprecipitation is based on generating a non-solvent environment for the material that
is to be nanosized. Here, an alkaline PRM solution (at a concentration of 1 mg/mL in
1N NaOH) was neutralized with an acidic solution (HCl) of PVAL (stabilizing agent),
utilizing a dosing unit (Dosimat 665; Metrohm AG, Herisau, Switzerland). The PRM
alkaline solution was poured into the acid solution, at a rate of 14 µL/s and constant
stirring at 600 rpm. To evaluate the effect of the manufacturing-process parameters on the
characteristics of the RMNPs, a 2K experimental design (k = 3) was established with the
following factors and levels: X1: volume of the acidic aqueous phase (10 mL or 30 mL); X2:
concentration of HCl (0.5 N or 1 N), and X3: the concentration of stabilizing agent (PVAL at
1% or 5% w/v). Table 1 presents the design matrix and the total experimental runs. The
volume of the alkaline PRM solution (10 mL) and the stirring time after neutralization (2 h)
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(Dual-Range Mixer IKA RW20 digital, IKA-Werke, Satufen, Germany) remained constant
in all experiments. The formed RMNPs were obtained in aqueous suspension; hence, the
nanoparticles were washed three times by centrifugation at 3000× g, 4 ◦C, and 60 min
(Eppendorf 5804R centrifuge, 15-amp version, Thermo Fisher Scientific, Waltham, MA,
USA), then the nanoparticles were resuspended in each wash with 5 mL of distilled water.
Average particle size (Y1) and Z-potential (Y2) were measured as response variables in
all runs.

Table 1. Experimental designs to produce and optimize RMNPs, which were used for each manufac-
turing process.

Bottom-Up Approach Top-Down Approach

Nanocrystallization (NC) Double Emulsion–Solvent
Evaporation (DE)

High-Pressure Homogenization
(HP)

Factor-Levels Response
Variables Factor-Levels Response

Variables Factor-Levels Response
Variables

Run X1 X2 X3 Y1 Y2 X1 X2 X3 Y1 Y2 X1 X2 Y1 Y2

1 30 0.5 1 590.9 −2.3 10 6.66:3.33 5 167.5 −31.2 18,000 8 317.2 −38.6
2 10 0.5 1 958.6 −33.3 10 10:00 10 874.3 −25.5 23,000 10 340.6 −41.6
3 30 0.5 5 358.9 −7.6 20 13.33:6.66 5 513.8 −31.0 12,000 5 505.1 −35.3
4 10 1 5 270.4 −12.4 20 20:00 5 232.9 −39.8 23,000 5 408.9 −37.8
5 10 0.5 5 160.0 −19.1 20 13.33:6.66 10 839.7 −27.8 12,000 10 402.8 −38.5

6 30 1 5 687.0 −1.0 20 20:00 10 455.8 −18.9

X1: Pressure (psi)
X2: Number of cycles

7 30 1 1 568.9 −30.1 10 10:00 5 496.8 −23.3
8 10 1 1 549.7 −2.8 10 6.66:3.33 10 484.1 −23.7

X1: Volume of HCl solution (mL)
X2: HCl concentration (N)

X3: PVAL concentration (%w/v)

X1: Volume of O phase (mix of
DCM-ACE) (mL)

X2: DCM:ACE ratio (mL)
X3: Homogenization time (min)

Y1: Particle size of RMNPs (nm)
Y2: Z-potential (mV)

2.3.2. Double Emulsion–Solvent Evaporation Method (DE)

Due to the nonsolubility of melanin in organic solvents, the double emulsion–solvent
evaporation method proposed by Liu et al. [38] was adapted to produce the RMNPs. Briefly,
a W1/O first emulsion was prepared by homogenization at high shear, whereby the first
aqueous phase (W1), composed of an alkaline solution of PRM (1 mg/mL, in 1 N NaOH)
and a stabilizing agent (Tween 80), was dispersed into an organic phase (O) composed
of dichloromethane or a mixture of dichloromethane acetone. This emulsion was then
homogenized under gentle stirring in a second aqueous phase (W2), comprising an acidic
solution of HCl and a second stabilizing agent (PVAL). A neutralized W1/O/W2 emulsion
type was formed. Evaporation of the O phase in conjunction with the phenomenon of
neutralization caused the generation of the RMNPs as an aqueous suspension.

The manufacture of RMNPs by this method was optimized following a 2k experimental
design (k = 3), which was established with the following factors and levels: X1: volume of
O phase (mix of dichloromethane [DCM]-acetone [ACE]) (10 mL or 20 mL); X2: DCM-ACE
ratio in the O phase (at proportions of 1:0 or 2:1), and X3: the homogenization time in the
first emulsion (5 min or 10 min). Table 1 depicts the design matrix and the experimental
runs. The first W1/O emulsion was generated using an UltraTurrax homogenizer (IKA
T18 Digital, IKA-Werken, Staufen, Germany) at 12,000 rpm according to the predefined
homogenization times in the experimental design. Then, the first emulsion was poured into
40 mL of an acidic PVAL solution (HCl at 0.25 N), stirring at 600 rpm (Dual-Range Mixer
IKA RW20 digital, IKA-Werken, Staufen, Germany) for 30 min. At the end of the stirring
time of the second emulsion, the O phase was evaporated entirely under reduced pressure,
using a rotary evaporator (IKA RV 10) at 90 rpm and 30 ◦C. During the experiments, the

219



Polymers 2023, 15, 2381

concentration of the stabilizing agents in the first and the second emulsions (Tween 80 at 5%
v/v, and PVAL at 1% w/v, respectively) and the volume of the aqueous phase W1 (10 mL) in
the first emulsion remained constant. In each experimental run, the RMNPs were recovered
by centrifugation at 3000× g, 4 ◦C, and 60 min (Eppendorf 5804R centrifuge, 15-amp
version) and washed three times to eliminate stabilizing agent residues, resuspending each
wash with 5 mL of distilled water. Average particle size (Y1) and Z-potential (Y2) were
measured as response variables in all runs.

2.4. Obtaining Recombinant Melanin Nanoparticles (RMNPs) by a Top-Down Approach

To produce RMNPs using this approach, the material should be reduced to nanoscale
size by milling, collision, attrition, and sometimes cavitation. Considering the crystalline
structure of PRM and the possibility of reducing its size by pulverization with a mortar,
RMNPs were manufactured with the following technique:

High-Pressure Homogenization Method (HP)

A high-pressure homogenizer (Microfluidizer LM 10, Microfluidics International
Corporation, Newton, MA, USA) was used. Particle size reduction was evaluated through
a 2k experimental design (k = 2), with one central point. Factors and levels considered in
the study included X1: applied pressure (12,000 or 23,000 psi), and X2: number of cycles
(5 cycles in the first step or 10 cycles in the final stage). One cycle corresponds to the
complete passage of the samples from the hopper through the equipment’s impact micro-
camera until its exit. A volume of 40 mL of an aqueous suspension of PRM was treated at
the predefined pressure and cycles. The average particle size (Y1) and Z-potential (Y2) were
immediately measured in the final aqueous suspension. Design matrix and experimental
runs are included in Table 1.

2.5. RMNP Optimization and Recovery

Once the RMNPs were obtained by the three evaluated technologies, the optimal
manufacturing conditions were defined by response surface methodology (RSM) and
desirability function for multiple responses. The combination of levels was estimated
for the factors through which RMNPs with an average particle size of 250 ± 50 nm and
high Z-potential were reached; these values were fixed as optimization objectives. The
average particle-size target was established to mimic the nanometric natural size of melanin
granules in keratinocytes, and a high Z-potential was desired to assure good stability in
suspension (expecting ± 30 mV). The predicted levels for each method are presented in
Table 2. Three batches of RMNPs were manufactured under the optimized conditions
to verify the predictive model: the prepared nanoparticles were identified as RMNP-NC,
RMNP-DE, and RMNP-HP.

As the final step in the manufacturing process, the RMNP suspensions were washed
three times with 5 mL of distilled water, using centrifugation cycles (at 4 ◦C, 15,557× g,
and 60 min). To prevent particle aggregation after centrifugation, all RMNP samples were
sonicated using an ultrasonic probe (SONICS Vibra Cell VCX 130, Sonics and Materials Inc,
Newtown, CT, USA) at 10 kHz, for 30 min. Finally, these aqueous suspensions of RMNPs
were lyophilized. Briefly, all samples were frozen for 3 h on dry ice, and placed on a bulk
rack in the condenser at −80 ◦C in the lyophilizer (BenchTop Pro with Omnitronics, SP
Scientific VirTis, Warminster, PA, USA). Vacuum was applied to reach 200 mTorr for 48 h.
These dried nanoparticles, that is, RMNP-NC, RMNP-DE, and RMNP-HP, were employed
to conduct subsequent physical characterization studies and biocompatibility assays.
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Table 2. RMNPs prepared under optimized conditions: model verification; n = 3 batches per process.
Optimization targets: Y1 = 250 nm and Y2 = maximized response.

Method Factors Estimated
Levels Ŷ1 (nm) D Y1 (nm) PEE (%) Y2 (mV)

NC

X1: Volume of
HCl solution 10 mL

250.2 0.86 245.9 ± 31.5 1.72 −20.2 ± 1.56X2: HCl concentration 0.56 N
X3: PVAL

concentration 4.7 % w/v

DE

X1: Volume of
organic phase 19.7 mL

252.7 0.89 253.1 ± 30.6 0.16 −39.2 ± 0.56X2: DCM:ACE ratio 19.7:0 ratio
(mL)

X3: Homogenization
time 5 min

HP
X1: Applied pressure 18,000 psi

~321.17 0.99 302.2 ± 69.9 5.91 −38.6 ± 2.25X2: Number of cycles 10 cycles

NC: Nanocrystallization
DE: Double emulsion–solvent evaporation
HP: High-pressure homogenization (HP)

Ŷ1 : Predicted particle size
Y1: Observed particle size

Y2: Z-Potential
D: Desirability

PEE: Percentage of estimation error

2.6. Physical Characterization of RMNP
2.6.1. Particle-Size Analysis

The average particle size of the RMNPs and their distribution, for all experiments, was
determined utilizing the dynamic light scattering technique (DLS) of Zetasizer equipment
(Nano ZS90, Malvern Panalytical, Malvern Worcestershire, UK). Operational conditions
included were distilled water as dispersing medium (refractive index of 1.33), with an
equilibration time of 120 s, a diffraction angle of 90◦ at 25 ◦C, with a resolution of 16 readings,
and in triplicate. Samples were diluted at 1:10 using the same dispersing medium, placing
1 mL of suspension in polystyrene cuvettes.

2.6.2. Zeta-Potential Measurement

Zeta-potential measurement was performed using the electrophoretic light scattering
technique under similar conditions to those of the average particle size, using capillary
polystyrene cuvettes (Zetasizer Nano ZS90; Malvern Panalytical, Malvern Worcestershire,
UK). Measurements were performed on samples that were diluted at a 1:5 ratio using
distilled water as dispersing medium.

2.6.3. Morphological Analysis

The morphology of RMNPs was described using transmission electron microscopy
(TEM). A volume of 25 µL of each RMNP suspension was placed on a copper grill and was
dried at room temperature, adding uranyl acetate as a contrast solution. The micrographs
were recorded with an electron microscope (Zeiss EM900 80 kV, Carl Zeiss AG, Oberkochen,
Germany) in conjunction with a Dual Vision 300 W CCD camera (Gatan, Inc, Warrendale,
PA, USA).

2.6.4. Evaluation of Solid State

This characterization was carried out using the lyophilized RMNPs (RMNP-NC,
RMNP-DE, and RMNP-HP).
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ATR-FTIR Studies

A mass of approximately 2 mg of dried nanoparticles was placed on a horizontal
ATR SeZn attachment in the FTIR spectrophotometer (ABB-MB3000 FTIR; ABB Group,
QC, Canada). IR spectra were obtained in the vibrational wavenumber range from 500 to
4000 cm−1, with a resolution of 16 and 150 scans.

Powder X-ray Diffraction (PXRD) Analysis

PXRD analyses were performed for PRM and for all of the prepared RMNPs in the
transmission mode on a Bruker D-8 Advance diffractometer (Bruker, Billerica, MA, USA)
equipped with a LynxEye detector (λCu-Kα1 = 1.5406 Å, monochromator: germanium)
(Bruker, Billerica, MA, USA). The equipment was operated at 40 kV and 40 mA, and data
were collected at room temperature in the range of 2θ = 5–40◦.

Calorimetric Studies by Differential Scanning Calorimetry (DSC)

Thermal analysis was performed on PRM raw material and dried RMNPs using the
DSC technique, with a Q20 Calorimeter (TA Instruments, New Castle, DE, USA). Briefly,
a mass of 5–10 mg of each sample was placed in a Tzero aluminum hermetic pan (TA
Instruments, New Castle, DE, USA) that was sealed with a press machine. Experimental
assays were carried out under the following operating conditions: thermal equilibrium
at 15 ◦C; temperature range from 20 to 300 ◦C; a heating rate of 10 ◦C/min, and an inert
environment with nitrogen at a flow of 50 mL/min.

2.7. Biocompatibility Evaluation: In Vitro Cytotoxic Assay

Based on physical characterization, RMNP-DE were chosen as ideal for cytotoxic
evaluation due to their morphology and reproducibility. Evaluations were made on HEK293
and HEKn cell lines. MTS methodology was used to measure cell activity, and cell viability
in the presence of RMNP, and the cell counting was performed with the Trypan Blue
technique. Briefly, 20,000 cells per well were seeded in 96-well plates, using DMEM/F12
medium supplemented with 10% FBS at 37 ◦C and 5% CO2, which were incubated to
promote cell adherence. After 24 h of incubation, different RMNP-DE concentrations
(10, 50, and 100 µg/mL) were added to different wells and were then incubated for an
additional 72 h; a well with no treatment was set as control. Lastly, the culture medium
was eliminated carefully, and 90 µL of DMEM/F12 and 10 µL of MTS were added and
incubated for 4 h. The absorbance of the supernatant was measured at 490 nm utilizing an
Epoch microplate spectrophotometer (Biotek, Agilent Technologies, Santa Clara, CA, USA).

2.8. Statistical Analysis

Multiple regression analyses were performed using response surface methodology,
with an analysis of variance (ANOVA) to assess significant effects and model fit. One-
way ANOVA was also employed to compare groups, with the Dunnett post hoc test.
Statistically significant differences were considered when p < 0.05. All statistical analyses
were performed using Statgraphics statistical software (Version Centurion XVIII).

3. Results and Discussion
3.1. PRM Characterization

The recombinant melanin raw material produced in E. coli W3110/pTrcmelA was charac-
terized by identity, autoclavable resistance and apparent solubility, because it is a material
with a different origin from that of conventional melanin. PRM has a macroscopic physical
appearance as a dark-colored irregular and granular material that, after being pulverized,
produced a resulting particle size of 7.5 ± 2.9 µm (Figure S1). This initial grinding made it
possible to obtain a homogeneous raw material, with an increased surface area, and one
that enhanced the dissolution rate during the apparent solubility test.

The UV–Vis and IR spectra of PRM are revealed in Figure 1. The UV–Vis spectrum
of PRM previously dissolved in an alkaline solution evidenced that the maximal UV-light
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absorbance occurs at a wavelength of 222 nm (Figure 1A), which is in agreement with the
reports of Tan et al. [39], Dong and Yao [40], and Madhusudhan et al. [41]. Regarding the
FTIR studies, the IR spectrum of the PRM demonstrated absorption peaks related to the
known functional groups of melanin (Figure 1B); a signal at 3200 cm−1 is related to a broad
band of the -NH and -OH groups stretching; peaks at 2920 cm−1 and 1450 cm−1 correspond
to the -CH stretching and bending vibration, respectively; a strong signal attributed to
the -C=O bond in -COOH groups was observed at 1595 cm−1; vibration of the -C=C-
bonds in the aromatic groups is associated with a peak at 1500 cm−1; and finally, a peak at
2385 cm−1 can be recognized as the protonated amine of 5,6-dihydroxyindole-2-carboxylic
acid (characteristic monomer in melanin). The peaks of these spectra correspond to those
reported in the literature [39–43]. These findings allowed the identity of the melanin to
be verified as eumelanin. In addition, as depicted in Figure 1B, PRM after the wet-steam
sterilization process does not present any differences in its chemical structure, in that
no changes in the IR spectrum were observed. This sterilization resistance is relevant
when biocompatibility studies are executed or if biomedical applications are considered for
this material.

Figure 1. Spectra of PRM: (A) UV–Vis spectrum, (B) IR spectrum; the red arrows show the absorption
peaks related to the known functional groups of melanin.

The results of PRM solubility in different solvents are summarized in Table 3. The
insoluble nature of melanin was observed in a wide range of solvents with different polari-
ties, except for alkaline aqueous media (high pH, >12, either 1N NaOH or 1N NH4OH);
however, the results classify it as slightly soluble according to United States Pharmacopeia
(USP) criteria. Ye et al. and Guo et al. also reported this solubility behavior for natural and
conventional melanin [44,45], which were materials obtained from a source other than a
recombinant origin.

The determination of the apparent solubility of PRM was an essential aspect because
it provided a starting point for designing a manufacturing strategy to obtain recombinant
melanin nanoparticles (RMNPs). This was particularly apparent in the bottom-up approach,
where materials must be manipulated at a molecular level. Based on these solubility
results, two methods widely utilized in the development of nanocrystals were adapted:
nanoprecipitation and emulsification–solvent evaporation. For the latter, a double emulsion
alternative was chosen, because the nanostructure shape and size could be controlled from
the first emulsion, it being possible to neutralize this first aqueous phase in a second
emulsion because the organic solvent is evaporated, creating an anti-solvent effect for the
PRM, which leads to the formation of the nanoparticles.
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Table 3. Apparent solubility of PRM; practically insoluble: < 0.1 mg/mL, and slightly soluble:
between 1 and 10 mg/mL.

Test Solvent Apparent Solubility

Distilled water (pH~6) Practically insoluble
NaOH 1N (pH > 12) Slightly soluble (1.10 mg/mL)

NH4OH 1N (pH > 12) Slightly soluble (0.98 mg/mL)
HCl 1N (pH 1.2) Practically insoluble

Ethanol Practically insoluble
Isopropyl alcohol Practically insoluble

n-Butanol Practically insoluble
Acetone Practically insoluble

Glyceryl triacetate Practically insoluble
Octanol Practically insoluble

Ethyl acetate Practically insoluble
Dichloromethane Practically insoluble

Benzene Practically insoluble
Hexane Practically insoluble

On the other hand, the aqueous-insoluble character of the PRM also facilitated the
selection of the dispersing medium to generate nanoparticles in the top-down approach.
For this project, it was desirable to achieve an aqueous suspension of nanoparticles; thus,
distilled water was chosen as the vehicle in the manufacture of RMNPs by the high-pressure
homogenization process.

3.2. Melanin Nanoparticles by Bottom-Up and Top-Down Approaches

Three nanoparticle manufacturing methods, including nanocrystallization (NC), dou-
ble emulsion–solvent evaporation (DE), and high-pressure homogenization (HP), were
adapted to prepare nanomaterials from preformed recombinant melanin (PRM). Table 1
presents the design matrix generated and executed for each method; average particle size
and Z-potential are reported for all experimental runs.

For the manufacturing processes with a bottom-up approach, certain similarities could
be observed in the behavior of the average particle size. The NC method generated RMNPs
with a size ranging from 160.0 to 958.6 nm, and with Z-potential between −1 and −30 mV.
Meanwhile, with the DE method, the RMNPs were obtained with a size distribution range
of 167.5–874.3 nm but, unlike the previous method, a more homogeneous Z-potential was
observed in the different runs, with values between −18 and −40 mV, which were ideal
for good physical stability for the nanoparticles in aqueous suspension. For both methods,
experimental run #4 produced RMNPs sufficiently close to the expected target size of
250 ± 50 nm (Table 1).

On the other hand, the top-down approach was applied to reduce the particle size of
the pulverized PRM by the application of the HP method to prepare melanin nanoparticles
(RMNPs). As shown in Table 1, this technique led to average particle sizes ranging from
317.2 to 505.1 nm, with homogeneous Z-potential values of between −35.3 and −41.6 mV.
However, it was not possible to produce nanostructures smaller than 300 nm, even though
operating conditions at the highest working pressure and the greatest number of cycles
in the high-pressure homogenizer were utilized. For this reason, the manufacture of the
optimized RMNPs employing the HP method was fixed at operational conditions under
which the smallest particle size was generated, meaning experimental run #1.

Regarding the statistical analysis of the main effects of the factors, this was focused
on particle size, in that the main objective was to produce nanoparticles of a specific size
(Figure S2). However, during the optimization process, both variables were considered
(particle size and Z-potential), carrying out predictions with the fitted models, searching
the levels for the studied factors in which the target particle size and a maximal Z-potential
could be reached. High Z-potential favors the physical stability of RMNPs in aqueous sus-
pension. Hence, response surface methodology was utilized to define the most appropriate
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regression model. The response surfaces for the particle size of the RMNPs and the fitted
mathematical models for all of the applied methods are presented in Figure 2.

Figure 2. Response surfaces for the particle size of the recombinant melanin nanoparticles (RMNPs)
for the three applied manufacturing methods. (A) Nanocrystallization (NC), (B) double emulsion–
solvent evaporation (DE), and (C) high-pressure homogenization (HP).

To prepare RMNPs, the stabilizing agent concentration (X3) was the factor that mainly
affected the particle size in the NC method, generating a decrease in the average size as
the PVAL concentration increased. This effect is due to the stabilizing effect of the PVAL
on the solid–liquid interface during the precipitation process, in that its steric stabilization
mechanism exerts an influence on the crystal growth during the formation of the nanopar-
ticle [46,47]. Regarding the neutralization process, it is suggested that chemical equilibrium
in some cases was reached, and in others, there was a change in pH sufficiently close to
neutrality that it created an anti-solvent environment for melanin, leading to the precipita-
tion of the dissolved material [31]. The volume of the acid medium and the concentration
of the neutralizing agent, factors X1 and X2, respectively, were not significant, but a slight
tendency was observed toward the generation of a larger average size when the volume
of the acidic medium was increased. Thus, based on these findings, the response surface
for the particle size was obtained with the factors X1 and X3 (Figure 2A), with the factor
X2 remaining at a low level; as can be observed, a second-order model was fitted with a
determination coefficient (R2) of 0.944.

Following the same strategy of analysis, during the preparation of RMNPs by the DE
method, a significant effect on the particle size was observed when the homogenization
time (factor X3) was increased in the first emulsion. Because homogenization of the phases
is conducted in a high-shear process, the reduction in the droplet size of the discontinuous
W1 phase (aqueous alkaline solution that contained the previously dissolved PRM) revealed
time dependence; the latter is relevant because the droplet size in the first emulsion plays
an essential role in reaching a desired particle size [48,49]. Regarding factors X1 and X2,
the volume of the O phase and its composition (DCM:ACE proportion), respectively, did
not exert a significant impact on the particle size. Moreover, the neutralization of aqueous
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phase W1 with the W2 acidic aqueous phase occurred as the O phase was evaporated
from the W1/O/W2 emulsified system, generating an anti-solvent environment for the
previously dissolved RPM, leading to the formation of the RMNPs. Figure 2B depicts the
response surface for particle size for the RMNPs produced by the DE method, where factors
X2 and X3 were employed to construct the graph and explore the surface, with factor X1
remaining at a low level, in that its effect was practically null; a second-order model with a
R2 of 0.946 was found in a similar manner.

The experimental design of two factors was executed to produce RMNPs by a top-
down approach which evidenced non-statistically significant differences in particle size at
the pressure and the number of cycles set in the high-pressure homogenization process.
Nevertheless, a tendency was detected for the particle size to be reduced as the applied
pressure (factor X1) or the number of cycles (factor X2) increased. Additionally, a common
reduction limit was observed in the particle size, independent of the high pressure or
the number of times that the PRM suspension passed through the impact chamber in
the equipment [50]. The response surface for the particle size when the HP method was
applied is presented in Figure 2C; a second-order model exhibited the best fit, with an
R2 of 0.647. Thus, based on these findings and on the operational conditions tested in
this manufacturing method, the RMNPs obtained under these experimental conditions
provided the smallest particle size observed (run #1).

3.3. Optimization of RMNP Particle Size and Model Verification

Using the fitted regression model of each previously analyzed surface, the optimization
process was carried out for each manufacturing method applied to produce RMNPs. From
the DOE analysis menu in the Statgraphics software, the response optimization tool was
used to make predictions for the levels of the factors in which it was possible to achieve
the established optimization objectives, that is, a particle size of 250 nm and a Z-potential
with the highest value possible. Optimization by multiple responses was performed using
the desirability function, giving the greater weight for the particle size in the equation,
mainly to achieve this objective. Once the optimized levels for each factor in the models
were theoretically estimated, the expected or predicted particle size was determined for
the estimated conditions. To verify that the models adequately predicted the behavior of
the particle size, three batches of RMNPs were prepared under the optimized conditions
for each manufacturing method, measuring the response variables, and comparing the
predicted values versus the experimental values. The prediction error was determined by
the difference in values between the expected and the experimental responses. The results of
the estimates, optimization conditions, desirability, and model verification are summarized
in Table 2. The RMNPs obtained under the estimated conditions were recognized as the
optimized nanoparticles.

3.4. Physical Characterization of the Optimized RMNPs

Morphological studies to verify the particle size and to determine the shape of the
RMNPs were carried out using the transmission electron microscopy (TEM) technique.
The obtained micrographs are presented in Figure 3. It can be observed how the RMNPs
produced under the bottom-up approach (Methods: NC and DE) exhibited a similar struc-
ture. These were nanoparticles with a spherical, homogeneous, and solid shape (Figure 3A:
RMNP-NC, and 3B: RMNP-DE). It is worth mentioning that the particle size observed in
TEM corresponded to those reported by DLS. This shape and particle size distribution have
been reported, when obtaining melanin nanoparticles by bottom-up methods, using the
conventional tyrosine oxide-reduction process [26]. In contrast, for the RMNP-HP obtained
by the top-down approach with the HP method, the nanoparticles presented a morphology
that described structures with an equivalent particle size similar to those measured by DLS,
but with an irregular shape (Figure 3C: RMNP-HP); this characteristic may be explained as
being due to the size-reduction mechanism that materials undergo with the high-pressure
homogenization technique, which occurs by impact, thus provoking interparticle interac-
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tions and shocks against the walls during confinement within the impact chamber in the
homogenizer [50,51].

Figure 3. TEM micrographs of the recombinant melanin nanoparticles (RMNPs) obtained by the
following methods: (A) NC = nanocrystallization; (B) DE = double emulsion–solvent evaporation,
and (C) HP = high-pressure homogenization.

IR spectra were recorded for the recombinant melanin nanoparticles (RMNPs) obtained
by means of optimal manufacturing conditions, for the bottom-up and top-down methods.
The spectra evidenced the characteristic peaks that correspond to the functional groups
previously mentioned for preformed recombinant melanin (PRM), which were also present
in the RMNP spectra. As observed in Figure 4, in comparison to the IR spectrum of PRM, at
3200 cm−1 the peak of the -NH and -OH groups was observed; at 2920 cm−1, the peak that
corresponds to the -CH bond; at 1680 cm−1, there appeared a strong signal attributed to the
-C=O bond of -COOH groups; at 1520 cm−1 the vibration of the aromatic group bonds C=C
was observed again, and finally, the peak related to the protonated amine of the DHICA
at 2385 cm−1 was detected. New peaks that could evidence the formation of new bonds
were not appreciable, while small displacements in some peaks could be explained by the
reordered crystalline state that melanin acquires when nanoparticles are formed [52]. In
addition, these results show that the chemical integrity of the PRM was maintained after
applying the different methods to produce the RMNPs.

In addition, PXRD analysis was performed on the melanin samples, preformed recom-
binant melanin (PRM) as raw material, and recombinant melanin nanoparticles (RMNPs).
The broad peaks observed in the PXRD analysis depicted an amorphous state for PRM and
treated melanin (RMNP). As observed in Figure 5, a broad band presented a 2θ value at
21.5◦ in PRM that was attributed to an amorphous solid state. This state for melanin has
been previously reported, even for melanin from other sources, including from another bio-
logical origin [53,54]. This result also confirms that the structure and common amorphous
solid state of PRM was preserved due to the stacking of molecular planes in the melanin
structure that contains a range of distinct macromolecules or oligomeric material (chemical
disorder model) [55]. Similarly, the RMNPs exhibited non-crystalline signals, only a broad
band with 2θ value at 62.4◦, suggesting a lack of sheet stacking and no order in aggregation.
However, a low formation of protomolecules that aggregate by hydrogen bonding, or
aggregates generated by a smaller number of protomolecules, could be attributed to the
nanoparticle preparation method, the dissolution process, or both [55].
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Figure 4. IR spectra of the recombinant melanin nanoparticles (RMNPs) prepared by the following
methods: NC = nanocrystallization, DE = double emulsion–solvent evaporation, and HP = high-
pressure homogenization. The red arrows show the absorption peaks related to the known functional
groups of melanin.

Figure 5. PXRD diffractograms of recombinant melanin (PRM) as raw material and the recombinant
melanin nanoparticles (RMNPs).

The thermal behavior of the PRM and of the RMNPs is shown in the thermograms
obtained by DSC, which are presented in Figure 6. For the PRM, a raw material without
treatment, an endothermic peak onset temperature at 181.80 ◦C was recognized as its
melting point or degradation peak [54], which was apparent without any significant
displacement in the RMNP-NC (183.13 ◦C). However, a displacement of approximately
10 ◦C was observed in the melting point for RMNP-HP (onset temperature at 192.19 ◦C),
which could be explained by an increase in the arrangement of melanin in the nanostructure
during the manufacturing process; this new order in the solid state may be caused by the
high energy added to the material when the size reduction is occurring due to pressure and
impact forces. On the other hand, RMNP-DE demonstrated a displacement of 20 ◦C (onset
temperature at 202.58 ◦C) in comparison to PRM, which could be explained by the order
state that melanin molecules acquire during the crystallization process; this was because a
slow evaporation rate was needed for the organic phase in comparison to the other two
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methods applied [56]. As previously mentioned, these movements at the melting point
could be associated with the different degree of ordering of the melanin polymer chains
due to the processes applied.

Figure 6. Thermograms by DSC for preformed recombinant melanin (PRM) and the recombinant
melanin nanoparticles (RMNPs) obtained by the following methods: NC = nanocrystallization;
DE = double emulsion–solvent evaporation, and HP = high-pressure homogenization.

Additionally, an endothermic event at 145.30 ◦C was observed in the thermograms
(Figure 6), which corresponded to a first-order solid–solid transition in the solid state of
the material (PRM). The latter was also observed in a similar manner for the RMNP-NC
(146.37 ◦C), but was displaced in RMNP-DE (157.29 ◦C) and RMNP-HP (147.97 ◦C) due to
changes in the arrangement of the melanin units inside the nanoparticle. The difference
in degrees between the melting point and the vertex of the fusion endotherm was less
than 2 ◦C for RMNP-DE and RMNP-HP, indicative of a higher purity for the recovered
nanomaterial due to a lower amount of residue from the other materials that were added
during the production process; the type of solvents used and the washing favored this
condition. However, for PRM and RMNP-NC, there was a difference of 6–7 ◦C, which
could be associated with an impurity content of at least 0.5–1% [57].

Considering the desired size of the particle, its distribution, and variability, the more
reproducible manufacturing method, the lower prediction error in the modeling behavior,
a solid, spherical, and compact shape for the RMNPs, the best purity after the recovery
process, a Z-potential greater than ± 30 mV to favor physical stability in suspension with no
aggregation phenomena, and a good chemical stability in the solid state, we decided to use
the RMNP-DE for further studies. In this study, the first aim in the application of the RMNPs
was related to treating or solving skin complications, such as tissue regeneration, diseases
involving pigment deficiencies, drug delivery, or sun protection. Since the RMNP-DE have
an expected use in health and cosmetics, biocompatibility assays with this nanomaterial
were carried out using two non-carcinogenic-derived skin cell lines.
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3.5. Biocompatibility Studies

Once the physical and chemical characterization of the different RMNPs had been
carried out, those obtained by the DE method were used for the biocompatibility analyses.
These analyses were performed using two non-carcinogenic established cell lines (HEK293
and HEKn); both cell lines were selected by considering the potential applications of the
RMNPs, for biomedical and cosmetic devices. Figure 7 depicts the effect of RMNPs of
biotechnological origin on cell viability measured by two different techniques at 72 h after
exposure to the nanoparticles. As is already known, the Trypan Blue technique is utilized
to determine the % of cell viability in HEKn cells considering membrane integrity, and
the MTS technique is useful for measuring mitochondrial activity in HEK293, which is
directly correlated with the % of cell viability. The tested RMNP concentrations were
10, 50, and 100 µg/mL. As observed, in both cell lines and using both methodologies,
the average viability did not decrease from 95%, implying that RMNPs are not toxic and
allow cell-culture development for in vitro studies. In contrast, in the findings reported by
Blinova et al. [5], a marked inhibition in cell proliferation was exhibited at concentrations
of 50 and 100 µg/mL of melanin from black yeast fungi.

Figure 7. Percentage of cell viability of HEK293 and HEKn cultures using different concentrations
of RMNP-DE. Three different concentrations were tested (10, 50 and 100 µg/mL). Each of the bars
represents the mean of n = 8.

Considering that the RMNPs were steam-heat sterilized for the development of these
experiments, it is important to note that the sterilization process was also effective, and
no contamination was present in the cultures. This is an important fact as the cell culture
media was formulated without antibiotics.

4. Conclusions

Melanin nanoparticles from recombinant preformed melanin were obtained applying
top-down and bottom-up nanotechnology approaches, adapting three conventional manufac-
turing methods and starting from an insoluble raw material to obtain the nanostructures.
The identity and apparent solubility of this melanin from a biotechnological origin were
also characterized. Moreover, by applying experimental designs, statistical techniques, and
response surface methodology, it was possible to optimize each of the three methods used
for the preparation of RMNPs, in terms of the control of the particle size: nanocrystallization
(NC), double emulsion–solvent evaporation (DE) and high-pressure homogenization (HP).
The obtained RMNPs in all of the employed manufacturing methods presented properties
that demonstrated their physical and chemical stability. In particular, the DE method
evidenced the production of RMNPs in a reproducible way, generating nanostructures
with a spherical and consolidated solid shape, with an average particle size of 250 ± 50 nm
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and an ideal Z-potential (>30 mV) to assure good physical stability and dispersion in
aqueous suspension, without the formation of aggregates. The nanoparticles generated in
this study showed the technological characteristics necessary for application in different
areas, including medicine and cosmetics, in that they also proved to be sterilizable and
biocompatible in HEK293 and HEKn cell lines. This nanomaterial could be utilized to
formulate products with applications in radiation receptors in cancer therapy, as sunscreen,
or in makeup to solve aesthetic skin problems (such as burned skin and vitiligo), and they
may potentially be employed as contrast agents for the diagnosis of diseases or as drug
delivery systems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym15102381/s1, Figure S1: Preformed recombinant melanin (PRM);
(A) granular raw material, (B) pulverized raw material; Figure S2: Pareto charts of main effects on
particle size for the three manufacturing methods employed to produce RMNPs; (A) nanocrystallization
(NC), (B) double emulsion–solvent evaporation (DE), and (C) high-pressure homogenization (HP).
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Abstract: The Schiff base derivative (Ch-8Q) of chitosan (Ch) and 8-hydroxyquinoline-2-carboxaldehyde
(8QCHO) was prepared and fibrous mats were obtained by the electrospinning of Ch-8Q/polylactide
(PLA) blend solutions in trifluoroacetic acid (TFA). Complexes of the mats were prepared by im-
mersing them in a solution of CuCl2 or FeCl3. Electron paramagnetic resonance (EPR) analysis was
performed to examine the complexation of Cu2+(Fe3+) in the Ch-8Q/PLA mats complexes. The
morphology of the novel materials and their surface chemical composition were studied by scan-
ning electron microscopy (SEM), attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) and X-ray photoelectron spectroscopy (XPS). The performed microbiological screening
demonstrated that in contrast to the neat PLA mats, the Ch-8Q-containing mats and their complexes
were able to kill all S. aureus bacteria within 3 h of contact. These fibrous materials had efficiency in
suppressing the adhesion of pathogenic bacteria S. aureus. In addition, Ch-8Q/PLA mats and their
complexes exerted good anticancer efficacy in vitro against human cervical HeLa cells and human
breast MCF-7 cells. The Ch-8Q-containing fibrous materials had no cytotoxicity against non-cancer
BALB/c 3T3 mouse fibroblast cells. These properties render the prepared materials promising as
wound dressings as well as for application in local cancer treatment.

Keywords: Schiff base; chitosan; electrospinning; polylactide; Cu2+ complexes; Fe3+ complexes;
antibacterial activity; anticancer activity

1. Introduction

Electrospinning is an attractive and low-cost technique for the fabrication of contin-
uous nanoscale polymer fibers. Electrospun fibrous materials exhibit intriguing charac-
teristics such as high surface area-to-volume and aspect ratios and high porosity with
very small pore size [1]. Due to these features, the materials are suitable candidates for
diverse biomedical applications, such as wound dressings, drug delivery systems, tissue
engineering scaffolds, etc. [2,3]. Electrospinning enables the incorporation of drugs of
various natures into the polymer fibers. Systems for sustained drug release based on
electrospun materials lead to an enhancement in the therapeutic effect of the drugs and a
reduction in their side effects [4–6]. In recent years bio-based polymers such as the natural
polysaccharide chitosan (Ch) and its derivatives, have been considered some of the most
promising polymers obtained from renewable sources suitable as drug carriers [7–9]. Ch is

Polymers 2022, 14, 5002. https://doi.org/10.3390/polym14225002 https://www.mdpi.com/journal/polymers234



Polymers 2022, 14, 5002

biocompatible, biodegradable, non-toxic and non-immunogenic; in addition, it bears func-
tional groups that enable its facile chemical modification [10,11]. It also possesses valuable
biological properties, among which of particular importance are its haemostatic activity,
its ability to influence the function of macrophages, and its good antibacterial, antioxidant
and anticancer properties [12,13]. However, Ch is difficult to electrospin due to its limited
solubility (in aqueous medium at pH lower than 6 and in harsh solvents) and its polyelec-
trolyte nature, which makes the necessary entanglement of the chains difficult in many
solvents [11,14]. Ch-based fibrous materials have been successfully obtained by electrospin-
ning of Ch alone using TFA as a solvent [15–19] or a mixture of TFA/CH2Cl2 [15,16,20,21]
or in concentrated acetic acid [22,23]. The ability of Ch to be electrospun can be improved
by mixing it with water-soluble non-ionogenic polymers with a flexible chain [15,24,25].
In order to improve the mechanical properties of Ch-containing fibrous materials suitable
for biomedical applications, the incorporation of aliphatic polyesters into the fibers is of
interest. In the present study, poly(L-lactide-co-D,L-lactide) (PLA) was selected as the
aliphatic polyester because it is a biodegradable polymer with a degradation rate suitable
for most musculoskeletal applications. In addition, PLA is a biocompatible polymer of
low toxicity and has a good profile of its mechanical properties. These features indicated
that PLA-based fibrous materials can serve as suitable candidates for diverse biomedical
applications, e.g., implants, drug delivery systems and wound healing materials [26–28].
Fibrous materials from Ch or its derivatives and polyesters (e.g., PLA and its copoly-
mers [16,26,29–31], poly(ethylene terephthalate) [32,33] and poly(ε-caprolactone) [34]) have
been fabricated using TFA as a solvent. Previously, we have reported the preparation
of fibrous materials containing Ch or its quaternized derivative by the electrospinning
of mixed Ch (quaternized Ch)/PLA solutions in a common solvent TFA/CH2Cl2 [26].
The prepared materials have been shown to possess high antibacterial activity. We have
demonstrated that mats based on quaternized Ch/PLA containing the anticancer drug
doxorubicin hydrochloride exert good cytotoxicity in vitro against HeLa, MCF-7 and Graffi
tumor cells, and high efficacy in vivo against myeloid Graffi tumor [35–37].

8-Hydroxyquinoline and its derivatives are very attractive for biomedical applications
due to their beneficial biological properties—antimicrobial, anticancer, antiinflammatory
and antioxidant [38–40]. In addition, they also possess low toxicity. These compounds have
the ability to form complexes with biologically important transition metal ions—Cu2+, Fe2+,
Fe3+, etc.—which accounts for their biological action [39,40]. Previously, we have demon-
strated that the incorporation of 8-hydroxyquinoline derivatives into electrospun materials
from natural [24,41–44] and synthetic polymers [45–47] imparts to them antimicrobial and
anticancer activity. We have also shown that 5-amino-8-hydroxyquinoline-modified fibrous
materials based on copolymers of styrene and maleic anhydride exhibit high antibacterial
and antifungal activity [48]. The possibility of obtaining electrospun materials containing a
Schiff base from Jeffamine ED® and 8-hydroxyquinoline-2-carboxaldehyde (8QCHO) or its
complex with Cu2+, which possess antioxidant and anticancer properties, has also been
reported [49]. However, until now, there have been no reports on the preparation of a Schiff
base derivative of Ch and 8QCHO (Ch-8Q). An enhancement of the biological activity of
the 8-hydroxyquinoline derivatives was observed by their coordination to metal ions of
biological significance, such as Cu and Fe ions [38,50]. For this reason, in the present study,
we have chosen these ions for the preparation of complexes.

The present study reports the successful fabrication of novel fibrous materials from
PLA and Ch-8Q by one-pot electrospinning. Electron paramagnetic resonance (EPR)
spectroscopy was used to study the complexation of Cu2+ (Fe3+) in the complexes of Ch-
8Q/PLA mats. The morphology of the mats was examined by scanning electron microscopy
(SEM), and their thermal properties were evaluated by differential scanning calorimetry
(DSC). The in vitro antibacterial activity of the novel fibrous materials against the Gram-
positive bacteria S. aureus was assessed. The cytotoxicity of the mats and their complexes
against human HeLa and MCF-7 cancer cells as well as non-cancer BALB/c 3T3 mouse
fibroblast cells was also studied.
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2. Materials and Methods
2.1. Materials

Poly(L-lactide-co-D,L-lactide) (PLA; Resomer® LR 708 (mass average molar mass (Mw)
911,000 g/mol, Mw/Mn = 2.46; molar ratio L-lactide:D,L-lactide = 69:31) kindly donated
by Boerhinger-Ingelheim Chemicals Inc. (Ingelheim am Rhein, Germany) was used in this
study. 8-hydroxyquinoline-2-carboxaldehyde (8QCHO) (Aldrich, St. Louis, MO, USA),
CuCl2 anhydrous (Acros Organics, Geel, Belgium), FeCl3 anhydrous (Acros Organics, Geel,
Belgium) were used without further purification. Chitosan with an average viscometric
molar mass of 380,000 g/mol (Ch) and a degree of deacetylation of 80% was purchased
from Aldrich (St. Louis, MO, USA). Glacial acetic acid (Merck, Billerica, MA, USA), abso-
lute ethanol (Merck, Billerica, MA, USA) and trifluoroacetic acid (TFA, Aldrich, St. Louis,
MO, USA) of analytical grade purity were used. Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma-Aldrich, Schnelldorf, Germany), fetal bovine serum (FBS) (Gibso/BRL,
Grand Island, NY, USA), glutamine, penicillin and streptomycin (LONZA, Cologne, Ger-
many) were also used in the study. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), acridine orange (AO) and ethidium bromide (EtBr) were obtained from
Sigma-Aldrich, Schnelldorf, Germany. 4′,6-diamidino-2-phenylindole (DAPI) (AppliChem,
Darmstadt, Germany) was used without further purification. The disposable consumables
were purchased from Orange Scientific, Braine-l’Alleud, Belgium. Human permanent
cancer cells (HeLa, MCF-7) and normal mouse fibroblasts (Balb/c3T3) were purchased
from the American Type Culture Collection (ATCC) (Manassas, VA, USA). Staphylococcus
aureus (S. aureus) 3359 were obtained from the National Bank for Industrial Microorganisms
and Cell Cultures (NBIMCC), Sofia, Bulgaria.

2.2. Preparation of Schiff Base Derivative from Ch and 8QCHO

The synthesis of Ch-8Q is presented in Scheme 1.
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Scheme 1. Schematic representation of the synthesis of Ch-8Q. 
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of 8QCHO (2.1 g, 12.1 mmol, 55 mL) was added dropwise to the solution. The mixture 
was kept under stirring for 24 h at 50 °C. The orange precipitate that formed was filtered 
and washed with absolute ethanol several times. The unreacted aldehyde was extracted 
in a Soxhlet apparatus with absolute ethanol for two days. The Schiff base Ch-8Q was 
dried under reduced pressure at 40 °C for 24 h. Yield—90%. ATR-FTIR (film), ν/cm−1: 

Scheme 1. Schematic representation of the synthesis of Ch-8Q.

To prepare the Schiff base (Ch-8Q) (Scheme 1), Ch (2.5 g, 14.8 mmol) was dissolved
in a 125 mL dilute aqueous solution of acetic acid (1% w/v) for 24 h at 25 ◦C. Absolute
ethanol (13 mL) was added under continuous stirring for 2 h. Then, an ethanolic solution
of 8QCHO (2.1 g, 12.1 mmol, 55 mL) was added dropwise to the solution. The mixture
was kept under stirring for 24 h at 50 ◦C. The orange precipitate that formed was filtered
and washed with absolute ethanol several times. The unreacted aldehyde was extracted
in a Soxhlet apparatus with absolute ethanol for two days. The Schiff base Ch-8Q was
dried under reduced pressure at 40 ◦C for 24 h. Yield—90%. ATR-FTIR (film), ν/cm−1:
3410 (ν(N-H), (ν(O-H)), 2886, 2866 (ν(C-H)), 1645 (ν(CH=N)), 1568 (amide II), 1506, 1468
(ν(C=C)), 1373 (δ(C-H)), and 1064 (ν(C-O-C)). The structure of Ch-8Q was also analyzed
by 1H NMR spectroscopy (Bruker Avance II+ 600, D2O/DCl (2%), 333 K). The average
degree of substitution was determined from the intensity ratio of the signal at 10.1 ppm for
the proton of the imino groups to that at 3.67 ppm for H-2 from the 2-amino-2-deoxy-D-
glucopyranose units of Ch. The degree of substitution was 73% for Ch-8Q.
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2.3. Preparation of Ch-8Q/PLA Fibrous Materials by Electrospinning

Ch-8Q/PLA mixed solutions with Ch-8Q/PLA weight ratio (50:50 and 30:70) were
prepared in TFA at a total polymer concentration of 5 wt.%. For comparison, PLA fibers
and Ch/PLA fibers (weight ratio of 30:70) were obtained by the electrospinning of their
spinning solutions in TFA at a concentration of 5 wt.%.

The system for electrospinning included a plastic syringe equipped with a 22-gauge
stainless-steel needle, a syringe infusion pump (NE-300 Just InfusionTM Syringe Pump,
New Era Pump Systems Inc., Farmingdale, NY, USA), a high-voltage power supply, and a
grounded metal drum collector of diameter 56 mm. The distance between the needle tip
and the collector was 13 cm. The applied voltage and flow rates were 30 kV and 1.0 mL/h,
respectively. The rotating speed was maintained at 1300 rpm. The humidity was 45% and
the temperature was 20 ◦C. The collected Ch-8Q/PLA fibers were kept under ammonia
vapor in a desiccator for 1 h. Then, the mats were dried under reduced pressure at 40 ◦C
for 24 h to remove excess ammonia.

2.4. Preparation of the Cu2+(Fe3+) Complexes of Ch-8Q/PLA Mats, of Ch-8Q, of 8QCHO and
of Jeff-8Q

Cu2+ or Fe3+ complexes of Ch-8Q/PLA mats were obtained by immersing the mats
into a 0.1 M absolute ethanol solution of CuCl2 or FeCl3 for 40 min at 25 ◦C. The mats
were then taken out, purified of non-coordinated salt by washing with absolute ethanol
several times and then freeze-dried. For comparison, complexes of Ch/PLA mats were also
obtained using this procedure.

Cu2+ and Fe3+ complexes of Ch-8Q were prepared according to a procedure described
in detail in the Supplementary Material (see the preparation of the Cu2+(Fe3+) complexes of
Ch-8Q). Cu2+ complexes of 8QCHO and Jeff-8Q were obtained by the procedure described
in our previous report [49]. Fe3+ complexes of 8QCHO and Jeff-8Q were synthesized by
the procedure described in the Supplementary Material (see the preparation of the Fe3+

complexes of 8QCHO and Jeff-8Q).

2.5. Characterization

Electrospun mats were vacuum-coated with a gold layer using a fine coater Jeol (JFC-1200)
and the morphology of the fibrous materials was observed by scanning electron microscopy
(SEM, Jeol JSM-5510 (Tokyo, Japan)). The average fiber diameters were calculated over
40 fibers from each SEM image with ImageJ software (V.1.53e, Wayne Rasband, National
Institute of Health, Bethesda, MD, USA). Chemical analysis was performed with ATR-
FTIR spectroscopy using an IRAffinity-1 spectrophotometer (Shimadzu Co., Kyoto, Japan)
equipped with a MIRacleTM ATR (diamond crystal; depth of penetration of the IR beam
into the sample was ~2 µm) accessory (PIKE Technologies, Madison, WI, USA). XPS
analyses were carried out in the ultrahigh-vacuum (UHV) chamber of an ESCALABMkII
(VG Scientific) spectrometer with Mg Kα excitation. DSC analyses were conducted with a
DSC TA instrument (DSC Q2000, New Castle, DE, USA) from 0 ◦C to 400 ◦C at a 10 ◦C/min
heating rate under nitrogen.

The contact angles were measured by the static sessile drop method using an Easy
Drop Krüss GmbH apparatus (DSA 10-MK2 model, Hamburg, Germany) as the average
value of at least twenty 10 µL droplets of deionized water placed on the mat surface. The
values of the water contact angle were calculated by computer analysis of the acquired
images of the droplets.

The EPR spectra of the complexes were acquired as the first derivative of the absorption
signal using a Bruker EMXplus EPR spectrometer (E7001039, Karlsruhe, Germany) in the
X-band (9.4 GHz). The SpinCount™ software module (Bruker) was used for quantitative
EPR calculations. The recorded temperature was changed from 100 to 295 K. The spectra
were simulated by the program WIN-EPR SimFonia (Bruker).
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2.6. Assessment of the Antibacterial Activity

The Ch-8Q/PLA mats and their complexes, PLA and Ch/PLA mats were screened for
in vitro antibacterial activity against bacteria S. aureus 749 using the viable cell-counting
method. Each of the fibrous mats was sterilized by UV irradiation for 30 min and then
was added into a suspension of the bacteria (5 mL containing 105 cells/mL). Then the
suspension was stirred and incubated at 37 ◦C. At predetermined time points, 1 mL samples
were removed from each tube and serially diluted 10-fold with sterile phosphate-buffered
saline (PBS). Finally, the surviving bacteria were counted using the spread-plate method.
Triplicate counting was done for each experiment. The number of surviving cells was
determined as colony-forming unit (CFU).

The adhesion of bacteria S. aureus 749 on the surface of the Ch-8Q/PLA mats and
their complexes, and PLA and Ch/PLA mats was assessed using SEM observation with a
Jeol JSM-5510 SEM spectrometer (Jeol Ltd., Tokyo, Japan). Mats were incubated in 3 mL of
S. aureus culture (containing about 107 cells/mL) at 37 ◦C for 24 h. After incubation, the
mats were washed with PBS and then immersed in 2.5 vol.% glutaraldehyde solution in PBS
at 4 ◦C for 5 h. Finally, the mats were washed with PBS, freeze-dried, coated with gold with
Jeol JFC-1200 fine coater and studied by a Jeol JSM-5510 SEM spectrometer (Tokyo, Japan).

2.7. MTT Cytotoxicity Assay

HeLa cells, MCF-7 cells, or mouse BALB/c 3T3 fibroblasts, were maintained in the log-
arithmic phase at 37 ◦C in a humidified atmosphere of 5% CO2 in air using Dulbecco’s Mod-
ified Eagle Medium (DMEM) (Sigma-Aldrich, Schnelldorf, Germany), containing 10% fetal
bovine serum (FBS) (Gibco/BRL, Grand Island, NY, USA), antibiotics (50 units/mL peni-
cillin and 50 µg/mL streptomycin) (LONZA, Cologne, Germany) and 2 mM l-glutamine.
Cells were trypsinized by 0.25% Trypsin-EDTA and counted with a hemocytometer. Cell
proliferation assay was performed according to the method of Mossman [51]. Briefly, the
tested cells (1 × 105 cells/well) seeded in a 96-well microplate were cultivated overnight
under standard conditions (37 ◦C, 5% CO2 and 95% humidity) to form a monolayer. After
24 h, the medium was removed and replaced with fresh medium containing different
types of fibrous mats (PLA, Ch/PLA, Ch-8Q/PLA, Cu2+ complex of Ch-8Q/PLA and
Fe3+ complex of Ch-8Q/PLA) pre-sterilized with UV irradiation for 30 min. All Ch-8Q-
containing mats and their Cu2+ and Fe3+ complexes were studied at a concentration of 8Q
residues 60 µg/mL of culture medium. Cells incubated in culture medium only and in the
presence of solutions of Jeff-8Q and its complexes as well as solutions of 8QCHO and its
complexes (concentration of 8Q residues was 60 µg/mL of culture medium) were used
as negative and positive controls, respectively. Each experimental variant was assayed by
five measurements. At the end of 24 h and 72 h incubation, the cells were washed twice
with PBS (pH 7.4), and further incubated with 100 µL of MTT solution (Sigma Chemical)
at 37 ◦C for 3 h. Subsequently, the supernatants were aspirated and 100 µL of the lysing
solution (DMSO:ethanol = 1:1) was added to each well to dissolve the obtained formazan.
The absorbance was measured at 570 nm using a microplate reader (TECAN, Sunrise™,
Grodig/Salzburg, Austria). The cell viability was calculated as follows:

Cell viability (%) =

[
A570(experimental)

A570(control)

]
× 100 (1)

where A570(experimental) was the absorbance at 570 nm of the experimental variants and
A570(control) was the absorbance at 570 nm of the respective negative control.

2.8. Fluorescent Microscopic Imaging
2.8.1. Double Staining with AO and EtBr

HeLa cells, MCF-7 cells, or mouse BALB/c 3T3 fibroblasts (1 × 105 cells/well) were
cultivated overnight under standard conditions on glass coverslips placed on the bottom of
a 24-well tissue culture plate. Following 24 h co-incubation of the cells with the different
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types of fibrous mats (PLA, Ch/PLA, Ch-8Q/PLA, Cu2+ complex of Ch-8Q/PLA and Fe3+

complex of Ch-8Q/PLA), the coverslips were rinsed twice with PBS (pH 7.4) and stained
with fluorescent dyes—AO (5 µg/mL) and EtBr (5 µg/mL) in the ratio of 1:1—to visualize
the cytomorphological alterations. It is known that AO can permeate both live and dead
cells and shows strong yellow-green fluorescence after intercalation in DNA. EtBr is a
fluorochrome that passes through damaged membranes and shows orange fluorescence as
a result of the intercalation in DNA. EtBr stains late apoptotic cells and dead cells.

Cells maintained in the culture medium only, without treatment, served as a negative
control. Cells treated with solutions of Jeff-8Q and its Cu2+(Fe3+) complexes as well as
solutions of 8QCHO and its Cu2+(Fe3+) complexes were used as a positive control. The
cells were examined under a fluorescence microscope (Leica DM 5000B; Wetzlar, Germany).

2.8.2. DAPI Staining

The nuclear morphology of the treated and control-untreated cells was further ana-
lyzed through DAPI staining according to a standard procedure [52]. For this purpose, the
HeLa cells, MCF-7 cells, or mouse BALB/c 3T3 fibroblasts were processed as described
in 2.8.1. After 24 h incubation, the glass coverslips were removed and washed with PBS
(pH 7.4). Then the cells were fixed with 3% paraformaldehyde at room temperature and
stained with a DAPI solution for 15 min at room temperature in the dark. The nuclear
morphology of the stained cells was examined under a fluorescence microscope (Leika DM
5000B, Wetzlar, Germany).

2.9. Statistical Analysis

Statistical analysis was performed by one-way analysis of variance (ANOVA) fol-
lowed by Bonferroni’s post hoc comparison test (GraphPad Prism software package,
version 5 (GraphPad Sofware Inc., San Diego, CA, USA)). *** p < 0.001 was considered
statistically significant.

3. Results and Discussion
3.1. Morphology

The morphology and average diameter of the fibrous materials obtained by electrospin-
ning are affected by various parameters such as the composition of the spinning solution,
the concentration of the solution and the applied field strength. For the preparation of
fibrous materials from Ch-8Q and PLA, a suitable co-solvent was chosen—TFA—that al-
lowed the preparation of mixed solutions and their successful electrospinning. Defect-free
and cylindrical fibers of PLA and Ch/PLA were also obtained.

Figure 1 shows the SEM micrographs of the prepared electrospun materials. Fibers
prepared from a PLA solution with a concentration of 5 wt.% had an average diameter
of 360 ± 90 nm (Figure 1a). A decrease in the average fiber diameter was observed when
adding Ch-8Q or Ch to the PLA solution (Figure 1b–d).

For the Ch-8Q/PLA system at a weight ratio of Ch-8Q:PLA = 30:70, the average fiber di-
ameter was 187 ± 128 nm, while at a weight ratio of Ch-8Q:PLA = 50:50, it was 124 ± 45 nm
(Figure 1b,c). The average diameter of Ch/PLA fibers (weight ratio Ch:PLA = 30:70) was
238 ± 105 nm. The dynamic viscosities of the solutions of PLA, Ch/PLA (Ch:PLA = 30:70
w/w), Ch-8Q/PLA (Ch-8Q:PLA = 30:70 w/w) and Ch-8Q/PLA (Ch-8Q:PLA = 50:50 w/w)
were 4200, 1900, 1700 and 940 cP, respectively. It has been found for other systems that the
lower solution viscosity led to a decrease in fiber diameter or an increase in the amount
of spindle-like defects [24,43,46,47]. In our study, decreasing the solution viscosity also
resulted in the formation of fibers with smaller diameters. Moreover, Ch-8Q/PLA and
Ch/PLA fibers are characterized by a broader diameter distribution compared to that of
PLA fibers, which explains the elevated standard deviation of the average diameters of
the Ch-8Q/PLA and Ch/PLA fibers. Some fiber splitting and branching of the main fibers
with the appearance of very thin fibers was observed in the cases of the Ch-8Q/PLA and
Ch/PLA mats (Figure 1b–d). The obtained results are consistent with those observed by
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other authors for Ch and Ch/PLA mats electrospun in TFA [15,29] and are most likely
due to the fact that the jet elongation and solvent evaporation alter the shape and charge
per unit area of the jet, which may cause some change in the balance between the surface
tension and the electrical forces, which may, in turn, allow jet splitting and fiber branching
to occur [19,53].
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Figure 1. SEM micrographs of electrospun mats of (a) PLA, (b) Ch-8Q/PLA (50:50 w/w),
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Electrospun mats obtained at a weight ratio of Ch-8Q:PLA = 50:50 proved too brittle
to manipulate. Thus, in the present study, mats from Ch-8Q and PLA in a weight ratio of
30:70 were selected for further biological experiments as the optimal formulation.

Experiments were conducted to obtain Cu2+ and Fe3+ complexes of Ch-8Q/PLA mats
by immersing the fibrous materials in an ethanol solution of CuCl2 and FeCl3 for 40 min.
As seen from the SEM micrographs, after this treatment, the mats retained their fibrous
structure and the average diameter of the fibers remained unchanged—208 ± 126 nm
and 189 ± 130 nm for Cu2+ and Fe3+ complexes of the Ch-8Q/PLA mats, respectively
(Figure 2a,b).
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3.2. ATR-FTIR Spectra of Fibrous Materials

ATR-FTIR spectroscopy was used to characterize the Ch-8Q/PLA mats and their
Cu2+ and Fe3+ complexes. In the ATR-FTIR spectrum of the Ch/PLA mats, absorption
characteristic bands were detected for both PLA (1751 cm−1—C=O stretching vibration;
1084 cm−1—C-O stretching vibration) and Ch (1676 cm−1— stretching vibrations for proto-
nated amino (-NH3

+) groups; 1558 cm−1—amide II; 3348 cm−1—O-H and N-H stretching
vibrations) (Figure 3 (a)). In the spectrum of the Ch-8Q/PLA mats, in addition to the
PLA bands, characteristic bands were recorded at 1664, 1645 and 1506 cm−1, respectively,
for amide I from the polysaccharide structure of Ch-8Q, for C=N stretching vibrations
from the azomethine group of the Schiff base Ch-8Q and for stretching vibrations from
the ring of 8Q moieties in Ch-8Q, respectively (Figure 3 (b)). In the ATR-FTIR spectrum
of Cu2+ and Fe3+ complexes of Ch-8Q/PLA mats, a shift of the absorption characteristic
band for C=N stretching vibrations from the azomethine group to 1622 cm−1, compared
to the spectrum of Ch-8Q/PLA mats (1645 cm−1) was detected. This shift is most likely
due to the coordination of Cu2+ and Fe3+ to the azomethine nitrogen of Ch-8Q. This is
consistent with the literature data for other metal complexes of Schiff bases [54,55]. In
addition, in the spectra of the complexes (Figure 3 (c,d)), the band attributed to the C=N
stretching vibrations of the 8Q residues in Ch-8Q, which was recorded in the spectrum of
8QCHO at 1591 cm−1 (Supplementary Material, Figure S1a), was shifted towards higher
wavenumbers by 2 cm−1 to 1593 cm−1 and by 6 cm−1 to 1597 cm−1 for Cu2+ and Fe3+

complexes of the Ch-8Q/PLA mats, respectively. This is most likely due to the fact that
the lone pair of electrons on the nitrogen of the 8Q residues participates in bond formation
with the metal ion [56].

3.3. Thermal Behavior of the Fibrous Mats

The thermal properties of Ch-8Q/PLA mats and their Cu2+ and Fe3+ complexes were
studied by DSC (Figure 4). In the DSC thermograms of the Ch-8Q/PLA mats and their
complexes and of the Ch/PLA mats, a weakly intense broad endothermic peak between
25 and 100 ◦C was observed, which might be attributed to desorption of water or TFA
from Ch and Ch-8Q (Figure 4 (b–e)). In the thermogram, the glass transition temperature
(Tg), cold crystallization temperature (Tcc) and melting temperature (Tm) for the PLA mat
were detected at 62 ◦C, 89 ◦C and 153 ◦C, respectively (Figure 4 (a)). The thermograms
of Ch/PLA mats, as well as Ch-8Q/PLA and their Cu2+ and Fe3+ complexes, showed an
absence of Tcc for PLA (Figure 4 (b–e)). This indicated that mixing with Ch, Ch-8Q and
complex formation with the metal ions most likely affects the crystallization and the rate of
crystallization of PLA.
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Furthermore, the Tg for PLA did not change upon the incorporation of Ch and Ch-8Q
into the mats, as well as upon coordination of Cu2 or Fe3+ with the Ch-8Q-containing
mats (61 ◦C for Ch/PLA mats as well as for Ch-N=C-8Q/PLA mats and their com-
plexes) (Figure 4 (b–e)). As seen from Figure 4 (b–e), Tm for PLA was observed at a lower
temperature—at 148 ◦C, 147 ◦C, 145 ◦C and 145 ◦C for Ch/PLA, Ch-8Q/PLA mats, and
Cu2+ and Fe3+ complexes of Ch-8Q/PLA mats, respectively. Similarly to Ch, a melting peak
for Ch-8Q was not recorded (Figure 4 (b,c)). In the DSC thermograms of the mats at a tem-
perature above 280 ◦C, the appearance of endothermic peaks was detected (Figure 4 (a–e)),
which were most likely due to the thermal degradation of the polymer constituents of the
mats. These observations require further profound study to elucidate the changes that
occur in the thermal stability of the mats upon the incorporation of Ch-8Q instead of Ch, as
well as upon the coordination of Cu2+ or Fe3+ with the Ch-8Q/PLA mats.

3.4. Water Contact Angle Measurements

It is known that the adhesion of cells and their proliferation are highly dependent on
the wettability of the surface of electrospun materials [57]. Therefore, in the present study,
the wettability of the surface of the obtained fibrous materials that would come in contact
with bacterial and cancer cells was measured. The PLA mat had a hydrophobic surface (the
value of the water contact angle was 121.4 ± 2.0◦) (Figure 5a). The water droplet retained
its spherical shape on the surface of the mat. Hydrophilization of the mats was observed
when Ch was present in the fibers (Figure 5b). The measured values of the water contact
angle for Ch/PLA were 50.2 ± 5.3◦. The Ch-8Q/PLA mats were hydrophobic (the water
contact angle value was 112.9 ± 5.6◦) (Figure 5c). Coordination of Cu2+ and Fe3+ with the
Ch-8Q/PLA mats led to a decrease in the water contact angle to about 78.0◦ (Figure 5d,e).
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Figure 5. Digital images of water droplets (10 µL) deposited on the surfaces of fibrous mats from
(a) PLA, (b) Ch/PLA, (c) Ch-8Q/PLA, (d) Cu2+ complex of Ch-8Q/PLA and (e) Fe3+ complex of
Ch-8Q/PLA. The direction of the collector rotation is indicated by an arrow.

3.5. XPS Analysis

XPS analysis of the surface also confirmed the structure of the Ch-8Q/PLA mats and
their Cu2+ and Fe3+ complexes. Peaks at 285.0 eV (-C-H or -C-C- of PLA and Ch-8Q, as well
as -C-NH2 of Ch-8Q), at 285.6 eV (-C-N and -C-OH of the 8Q residues), at 286.8 eV (-C-O,
-C-OH and -C-N-C=O of Ch-8Q, -C-O of PLA and -C=N of Ch-8Q), at 288.4 eV (-O-C-O-
and -N-C=O of Ch-8Q), at 289.1 eV (-O-C=O of PLA) and at 290.5 eV (π→π* shake-up
satellite characteristic of the 8Q ring of Ch-8Q) were detected in the high-resolution C1s
spectrum of Ch-8Q/PLA mats (Supplementary Material, Figure S2a). The O1s spectrum
showed four components at 530.8 eV assigned to -N-C=O of Ch-8Q, at 532.2 eV for -C=O of
PLA, at 532.9 eV for -C-OH of Ch-8Q and of the 8Q residues and at 533.5 eV for -O-C-O and
-C-O of PLA (Supplementary Material, Figure S2b). The N1s signal consisted of four peaks
at 398.8 eV, assigned to -N=C of Ch-8Q, at 399.6 eV to -N-C=O and -C-NH2 of Ch-8Q, at
400.8 eV characteristic of the –N-C of the 8Q residues in Ch-8Q and at 401.8 eV for the -NH3

+

groups of Ch (Supplementary Material Figure S2c). The theoretically calculated peak-area
ratio for the corresponding carbon atoms was [C-C/C-H/C-NH2]/[C-N/C-OH]/[C-O/C-
OH/C-N-C=O/C-O/C=N]/[O-C-O/N-C=O]/[O-C=O]/[π→π*] = 34.1/2.3/36.1/3.5/
23.3/0.7. The experimentally determined ratio was 35.5/2.3/35.3/3.4/22.8/0.7. The peak
for the carbon atoms from the C-C/C-H/C-NH2 bonds had the largest area. This is consis-
tent with the determined surface hydrophobicity of the Ch-8Q/PLA mat (the water contact
angle was 112.9◦ ± 5.6◦).

In the detailed C1s spectra of the complexes of the Ch-8Q/PLA mats, compared
with those of the Ch-8Q/PLA mats, the appearance of a new component was observed
at 287.2 eV, characteristic of -C-O—Cu/-C-N—Cu or -C-O—Fe/-C-N—Fe (Figure 6a,f).
The intensity of the peak at 286.8 eV also decreased. In the expanded O1s spectra of the
complexes of the mats, a new -O—Cu or -O—Fe signal from the 8Q residues in Ch-8Q
appeared at 531.2 eV (Figure 6b,g). In the N1s spectra of the complexes of the Ch-8Q/PLA
mats, a new peak at 400.1 eV was detected, attributed to -C-N—Cu or -C-N—Fe of the 8Q
residues in Ch-8Q (Figure 6c,h). The complex formation between Cu2+ and the Ch-8Q/PLA
mats was also indicated by the appearance of a peak composed of two components—
Cu2p1/2 and Cu2p3/2 (Figure 6d). Cu2p3/2 consisted of a main peak at 933.7 eV and two
satellites at 940.9 eV and 944.6 eV. The main peak was characterized by a binding energy
close to that observed by other authors for Cu2+ complexes (933.1 eV) [58]. In the XPS
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spectrum of the Fe3+ complex of the Ch-8Q/PLA mats, a new Fe2p3/2 component from
the Fe2p region with a main peak at 711.9 eV and a satellite at 718.2 eV was also detected
(Figure 6i). The binding energy of the main peak was close to that reported by other authors
for Fe3+ complexes [59]. These results confirmed the coordination of Cu2+ or Fe3+ on the
surface of the Ch-8Q/PLA mats. The appearance of a peak in the Cl2p region (at 198.4 eV
(Cl2p3/2) and 200.0 eV (Cl2p1/2)) (Figure 6e,j) indicated the presence of Cl ions on the
surface layer of complexes of the Ch-8Q/PLA mats.
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Figure 6. XPS peak fittings for Cu2+ complex of Ch-8Q/PLA mat [C1s (a), O1s (b), N1s (c), Cu2p 3/2
(d) and Cl2p (e)] and Fe3+ complex of Ch-8Q/PLA mat [C1s (f), O1s (g), N1s (h), Fe2p 3/2 (i) and Cl2p
(j)].

3.6. EPR Spectroscopy Analysis of Cu2+ and Fe3+ Complexes of the Fibrous Materials

EPR analysis was used in order to reveal the coordination mechanism of Cu2+ and
Fe3+ in the complexes of Ch-8Q/PLA fibrous materials. As EPR standards, we studied Cu2+

and Fe3+ complexes of Ch/PLA mats as well as complexes Cu2+-Ch-8Q and Fe3+-8QCHO
in the solid state. The complexes were analyzed in the temperature range of 100 to 295 K
and their spectra are shown in Figures 7 and 8.

The EPR spectrum of the Cu2+ complex of the Ch-8Q/PLA mats contained one nearly
symmetric signal with slightly resolved g⊥ and g∥ (g⊥ = 2.10, gII~2.26). The signal retained
its shape and position on cooling, while its intensity increased according to the Currie–
Weiss law (θ = −147 ± 6 K). These EPR parameters are typical for Cu2+ ions that are
magnetically coupled.

Since the Schiff base Ch-8Q (Scheme 1) used to obtain the Ch-8Q-containing mats is
a derivative of Ch and 8QCHO, the possibilities for coordination of Cu2+ ions with 8Q
residues as well as with Ch moieties could not be excluded. Thus, the question arises as to
how the Cu2+ ions are coordinated in the complexes of Ch-8Q/PLA mats. To understand the
Cu2+ coordination, two reference materials were used: Cu2+-Ch/PLA mat and Cu2+-Ch-8Q
in the solid state. The EPR spectrum of the Cu2+-Ch/PLA mats complex consisted of one
symmetric signal with g = 2.133. The g-value was constant between 100 and 295 K, and
the linewidth (∆Hpp) varied from 22.8 mT at 295 K to 19.7 mT at 100 K. The temperature
dependence of the reciprocal value of signal intensity followed the Currie–Weiss law
(θ = −28 ± 7 K). All these EPR parameters indicated that the EPR signal of the Ch/PLA
mats originated from exchanged coupled Cu2+ ions. The g-value of the Ch/PLA mats
was close to that of gav previously determined by Pawlicka et al. [60] for membranes of
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Ch coordinated with Cu2+ ions (gav = 2.123). Therefore, it could be concluded that Ch is
coordinated around the Cu2+ ions in Cu2+-Ch/PLA mats.
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Figure 7. EPR spectra at 100 and 295 K of (a) Cu2+-Ch-8Q/PLA mat, (b) Cu2+-Ch/PLA mat and
(c) Cu2+-Ch-8Q in the solid state.

The spectrum of the Cu2+-Ch-8Q complex in the solid state showed a slightly asym-
metric signal with low-intensity and not fully resolved hyperfine lines. The EPR parameters
at 295 K were: gII~2.26, g⊥ ≈ 2.10, gav = 2.153. The signal asymmetry decreased on cool-
ing from 295 to 100 K, but the temperature dependence of the signal intensity followed
the Currie–Weiss law (θ = −52 ± 4 K). It is worth noting that the giso of the Cu2+-8Q
complex [50] is close to the gav value of the Cu2+-Ch-8Q complex. In addition, the EPR
parameters of the Cu2+-Ch-8Q complex deviated from that of the Cu2+-Ch/PLA mat. There-
fore, the signal of the solid-state Cu2+-Ch-8Q complex was assigned to Cu2+ ions that were
coordinated by 8Q residues.

The comparison between the EPR parameters of the Cu2+-Ch-8Q/PLA mat and the
two above-mentioned references allowed the outlining of several EPR features. Because of
the difference in the g-value for the Ch/PLA mat and Ch-8Q/PLA mat as well as the close
g-value of the Cu2+-Ch-8Q/PLA mat and solid Cu2+-Ch-8Q complex, it suggested a similar
coordination of Cu2+ in both materials, i.e., it appeared that Cu2+ ions in Ch-8Q/PLA mats
are preferentially coordinated with 8Q residues in Ch-8Q. This means that Cu2+ ions were
coordinated with O and N atoms from the 8Q moieties.
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Figure 8. EPR spectra at 100 and 295 K of (a) Fe3+-Ch-8Q/PLA mat, (b) Fe3+-Ch/PLA mat and (c) 
Fe3+-8QCHO in the solid state. 

In order to confirm this conclusion the EPR spectra of the Fe3+-Ch-8Q/PLA mat and 
Fe3+-Ch/PLA mat were compared. Their spectra were characterized by two different 
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thus indicating a higher concentration of coordinated Fe3+. Therefore Fe3+ was coordi-
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Figure 8 shows the EPR spectra of the studied Fe3+ complexes. The EPR spectrum
of the Fe3+-8QCHO complex consisted of a broad, symmetric signal with g = 2.06 and a
linewidth ∆Hpp ≈ 100 mT at 295 K. A similar signal with g = 2.04 and ∆Hpp ≈ 93 mT at
295 K was observed also in the central part of the Fe3+-Ch-8Q/PLA mat spectrum. These
signals were assigned to exchanged coupled Fe3+ ions and their similarity could be related
to similar coordination of Fe3+ ions in solid Fe3+-8QCHO complex and Fe3+-Ch-8Q/PLA
mat complex. These findings showed that Fe3+ ions in the complex of the Ch-8Q/PLA mat
were preferentially coordinated to 8Q residues of Ch-8Q.

In order to confirm this conclusion the EPR spectra of the Fe3+-Ch-8Q/PLA mat and
Fe3+-Ch/PLA mat were compared. Their spectra were characterized by two different
signals having g-values of g = 4.3 and g = 2.0. In the EPR spectrum of the Fe3+-Ch/PLA
mat the signal with g ≈ 4.3 dominated, while the signal with g ≈ 2.0 predominated in the
Fe3+-Ch-8Q/PLA mat spectrum. Furthermore, the intensity of the signal with g ≈ 2.0 for
the Fe3+-Ch-8Q/PLA mat was more than 50 times higher than that for Fe3+-Ch/PLA mat,
thus indicating a higher concentration of coordinated Fe3+. Therefore Fe3+ was coordinated
in Fe3+-Ch-8Q/PLA mat preferably by 8Q moieties of Ch-8Q.

3.7. Evaluation of the Antibacterial Activity

The antibacterial activity of the Ch-8Q/PLA mats and their Cu2+ and Fe3+ complexes
against the Gram-positive bacteria S. aureus was estimated by counting the viable bacteria
that remained after incubation of the mats in an S. aureus suspension for given time periods.
In the present study, S. aureus bacteria were selected because they are one of the most
common pathogenic bacteria responsible for secondary infections of wounds. For the sake
of comparison, the antibacterial activity of PLA and Ch/PLA mats was also examined.
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The S. aureus control was found to grow normally for the given time periods during the
experiment and log(CFU/mL) reached 13.4 in 24 h. As can be seen in Figure 9, the neat
PLA mats did not suppress the growth of S. aureus bacteria. In this case, the number of
survived cells in 24 h was 13.0 log units. In contrast, Ch/PLA mats with a Ch content
of 1000 µg/mL, for a contact time of 24 h led to a 7.2 log decrease in the S. aureus titer
(Figure 9). A difference in the antibacterial activity was observed for the Ch-8Q/PLA
mats and their Cu2+ and Fe3+ complexes at the same content of Ch-8Q—1000 µg/mL. For
Ch-8Q/PLA mats, the S. aureus titer decreased by 2 log units for a contact time of 2 h,
whereas for the same contact time for Cu2+ and Fe3+ complexes of Ch-8Q/PLA mats, a
reduction of the S. aureus titer by 1 and 0.9 log units was detected, respectively. In the cases
of Ch-8Q/PLA mats and their complexes, viable S. aureus cells were absent after 3 h of
contact. The obtained results showed that the incorporation of Ch-8Q into the mats, as
well as the complexation of the mats with Cu2+ and Fe3+, imparted to the mats a higher
antibacterial activity compared to that of the Ch/PLA mats. The Ch-8Q-containing mats
and their complexes that manifest their activity by contact between the bioactive agent and
the bacteria are perspective dressings for infected wounds.
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Figure 9. Logarithmic plot of the viable bacterial cell S. aureus number versus the exposure time for 
control (S. aureus), PLA mat, Ch/PLA mat, Ch-8Q/PLA mat, Cu2+ complex of Ch-8Q/PLA mat and 
Fe3+ complex of Ch-8Q/PLA mat. Data represent the mean ± standard deviation (n = 3). *** p < 0.001, 
statistical significance. 

The adhesion of S. aureus cells on the surface of the fibrous materials was monitored 
by SEM. SEM micrographs of S. aureus cells adhered to the surface of the mats after con-

Figure 9. Logarithmic plot of the viable bacterial cell S. aureus number versus the exposure time for
control (S. aureus), PLA mat, Ch/PLA mat, Ch-8Q/PLA mat, Cu2+ complex of Ch-8Q/PLA mat and
Fe3+ complex of Ch-8Q/PLA mat. Data represent the mean ± standard deviation (n = 3). *** p < 0.001,
statistical significance.

The adhesion of S. aureus cells on the surface of the fibrous materials was monitored
by SEM. SEM micrographs of S. aureus cells adhered to the surface of the mats after contact
with the S. aureus suspension for 24 h at 37 ◦C are presented in Figure 10. The S. aureus cells
adhered very well to the surface of the hydrophobic PLA mat with a tendency to form a
biofilm (Figure 10a). In the case of the Ch/PLA mats, the number of adhered bacterial cells
decreased. The reduced adhesion of bacterial cells was most likely due to the presence of
Ch, which had an antibacterial effect (Figure 10b).
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Figure 10. SEM micrographs of mats that have been incubated in S. aureus cell culture (107 cells/mL)
for 24 h at 37 ◦C, (a) PLA, (b) Ch/PLA, (c) Ch-8Q/PLA, (d) Cu2+ complex of Ch-8Q/PLA and
(e) Fe3+ complex of Ch-8Q/PLA; magnification ×5000.

The incorporation of Ch-8Q in the fibers, as well as the complex formation with Cu2+

and Fe3+, led to a complete suppression of the growth of S. aureus bacteria on the surface of
the mats (Figure 10d,e). These results show that pathogenic bacteria were killed on contact
with the mats, which was attributed to the high bactericidal activity of Ch-8Q incorporated
in the mats and their Cu2+ and Fe3+ complexes. The obtained Ch-8Q-containing fibrous
materials and their complexes might be suitable candidates as materials having a surface
that can kill the pathogenic bacteria S. aureus.

3.8. Cytotoxicity of Fibrous Mats against HeLa and MCF-7 Cells and BALB/c 3T3 Fibroblasts

It has been reported that 8QCHO exerts good antiproliferative activity against various
human cancer cell lines, such as Hs578t, SaoS2, K562, MDA231, SKHep1, T-47D and
Hep3B [61]. In the present study, the viability of MCF-7 and HeLa cancer cells cultured
in the presence of Ch-8Q/PLA fibrous materials and their complexes was evaluated by
the MTT assay. The cytotoxic effect of these materials against non-cancer BALB/c 3T3
mouse fibroblast cells in vitro was also assessed. In this assay, 8QCHO and its Cu2+ (Fe3+)
complexes, as well as Jeff-8Q and its Cu2+(Fe3+) complexes, were used as positive controls,
and untreated MCF-7, HeLa, or BALB/c 3T3 cells were used as negative controls. The
effect on cancer cell viability was less pronounced when they were treated with PLA and
Ch/PLA mats (Figure 11a–d). In contrast, the viability of MCF-7 and HeLa cells treated
with the Ch-8Q-containing fibrous materials and their complexes decreased significantly
(Figure 11a–d). The observed antiproliferative effect increased on increasing the duration
of the incubation period. The highest cytotoxicity of the Ch-8Q/PLA mats and their
complexes was detected after 72 h of incubation (Figure 11b,d). The antiproliferative
activity of these mats was more pronounced against HeLa cancer cells than MCF-7 cells. At
the 72nd h of incubation, Cu2+ and Fe3+ complexes of Ch-8Q/PLA mats exhibited higher
cytotoxicity (2.6 ± 1.8% and 0.8 ± 0.7% viable cells for Cu2+ and Fe3+ complexes of the
mats, respectively) against HeLa cells compared to the Ch-8Q-containing mats (27.4 ± 2.1%
viable cells). In the case of Cu2+ complexes of Ch-8Q/PLA mats, a stronger decrease in the
proliferative activity of MCF-7 cancer cells (1.2 ± 1.3% viable cells) than that caused by
Ch-8Q/PLA mats (48.6 ± 8.5% viable cells) and their Fe3+ complexes (34.0 ± 6.6% viable
cells) was found. The percentage of viable HeLa and MCF-7 cells for the Ch-8Q-containing
mats was close to that for free Jeff-8Q (approx. 37.9% viable HeLa cells and approx. 44.1%
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viable MCF-7 cells). About 4.8 ± 1.4 and 7.2 ± 1.8% of HeLa cells and about 2.1 ± 3.1
and 37.5 ± 3.7% of MCF-7 cells remained viable after 72h of incubation in the presence
of Cu2+ and Fe3+ complexes of Jeff-8Q, respectively. These complexes had cytotoxicity
close to that of the complexes of Ch-8Q/PLA mats. As seen in Figure 11b,d, 8QCHO and
its complexes exhibited higher antiproliferative effects against both types of cancer cells
than that of Ch-8Q-containing fibrous materials and its complexes. It should be noted that
the Ch-8Q/PLA fibrous mats did not show any statistically significant antiproliferative
activity against non-cancer BALB/c 3T3 cells—viable cells were 90.0 ± 12.2% after 72 h
of incubation. PLA and Ch/PLA mats also exhibited low cytotoxicity against BALB/c
3T3 cells (Figure 11e,f). In the case of the complexes of Ch-8Q/PLA mats, the decrease
in viability of BALB/c 3T3 cells was less pronounced compared to that for both types of
cancer cells (Figure 11e,f). After 72 h of incubation, the percentage of viable BALB/c 3T3
cells was 35.3 ± 4.0% and 5.4 ± 3.7% for Fe3+ and Cu2+ complexes of the Ch-8Q/PLA
mats, respectively. Therefore, Ch-8Q-containing mats and their complexes exerted high
anticancer activity against HeLa and MCF-7 cells, while being less toxic against normal
mouse BALB/c 3T3 fibroblasts.
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Figure 11. Effect of the different formulations on MCF-7 (a,b), HeLa (c,d), or BALB/c 3T3 (e,f) cells
after 24 (a,c,e) and 72 h (b,d,f) of incubation. C—Untreated cells (control); 1—PLA mat; 2—Ch/PLA
mat; 3—Ch-8Q/PLA mat; 4—Cu2+ complex of Ch-8Q/PLA mat; 5—Fe3+ complex of Ch-8Q/PLA
mat; 6—aqueous solution of Jeff-8Q; 7—aqueous solution of Cu2+ complex of Jeff-8Q; 8—aqueous
solution of Fe3+ complex of Jeff-8Q; 9—solution of 8QCHO; 10—solution of Cu2+ complex of 8QCHO
and 11—solution of Fe3+ complex of 8QCHO. All 8Q-containing formulations were studied at a
concentration of 8Q residues 60 µg/mL of culture medium. *** p < 0.001.

3.9. Analysis of Cell Death by Staining Methods

In order to determine whether the antiproliferative effect of fibrous Ch-8Q-containing
mats and their Cu2+ and Fe3+ complexes was related to the induction of apoptosis, a
fluorescence assay was applied to detect cell death by intravital double staining with the
fluorescent dyes AO and EtBr. The morphological features of HeLa and MCF-7 cancer
cells cultured for 24 h in the presence of the various fibrous mats were studied. Untreated
cancer cells (negative control) had homogeneous pale green nuclei and bright yellow-green
nucleoli (Figure 12a and Supplementary Material Figure S4a).

No change was observed in the staining of the nuclei and cytoplasm in HeLa and MCF-7
cells after their treatment with PLA and Ch/PLA mats (Figure 12b,c and Supplementary
Material Figure S4b,c). In these cases, the cell morphology remained normal. In contrast,
when cells were cultured in the presence of the Ch-8Q/PLA mats and their complexes,
cell rounding and cell shrinkage, cell membrane blebbing, cellular and nuclear volume
reduction (pyknosis), condensation and aggregation of nuclear chromatin, the appearance
of apoptotic bodies and nuclear fragmentation occurred (Figure 12d–f and Supplementary
Material Figure S4d–f). These are typical morphological signs of early or late apoptosis.
Similar morphological changes were observed when both types of cancer cells were placed
in contact with free Jeff-8Q and its complexes or with free 8QCHO and its complexes
(Figure 12g–l and Supplementary Material, Figure S4g–l). The most significant morpho-
logical changes were detected in HeLa and MCF-7 cancer cells after their treatment with
Cu2+ complexes of Ch-8Q/PLA mats, as well as with Cu2+ complexes of Jeff-8Q or 8QCHO
(Figure 12e,h,k and Supplementary Material Figure S4e,h,k). A significant number of nuclei
and cytoplasm of cells that were stained red-orange were observed, as well as a decrease
in the number of cells and the presence of dead destructured cells with pyknotic nuclei
(criteria for late apoptosis) (Figure 12e,h,k and Supplementary Material Figure S4e,h,k).
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formulations were studied at a concentration of 8Q residues 60 µg/mL of culture medium.

The morphological changes in the nuclei of HeLa and MCF-7 cancer cells were ana-
lyzed after staining the cells with DAPI. Control untreated HeLa and MCF-7 cells possessed
intact nuclei, slightly oval, in shape, of approximately equal size, with smooth edges and
uniformly distributed chromatin (Supplementary Material Figures S3a and S5a). The mor-
phology of the nuclei of HeLa and MCF-7 cancer cells treated with PLA and Ch/PLA
mats was close to that of the control (Supplementary Material Figures S3b,c and S5b,c).
Cancer cells that had been in contact with the Ch-8Q/PLA mats and their complexes, with
solutions of Jeff-8Q and its complexes, and with solutions of 8QCHO and its complexes
were characterized by changes in the morphology of the nuclei, typical of apoptosis, such as
chromatin condensation, nuclei pyknosis, nuclei fragmentation and an increase in the num-
ber of apoptotic bodies (Supplementary Material Figures S3d–l and S5d–l). The strongest
damage to the nuclei of HeLa and MCF-7 cells was observed when they were treated with
the Cu2+ complex of Ch-8Q/PLA mats or with Cu2+ complexes of Jeff-8Q and 8QCHO
(Supplementary Material Figures S3e,h,k and S5e,h,k).
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The obtained results were consistent with the data obtained from the MTT test and
revealed that Cu2+ and Fe3+ complexes of Ch-8Q/PLA mats exerted a high antiproliferative
effect against HeLa and MCF-7 cancer cells. Ch-8Q-containing mats displayed weaker cyto-
toxicity toward cancer cells. The observations from the performed fluorescence microscopy
analyses showed that these mats induce the death of cancer cells via apoptosis.

When Balb/c 3T3 mouse fibroblasts were cultured in the presence of Cu2+ and Fe3+

complexes of Ch-8Q/PLA mats, morphological changes of the cells and nuclei that are
characteristic of early and late apoptosis were detected (Supplementary Material, Figures
S6e,f and S7e,f). These changes were significantly greater in the case of Balb/c 3T3 cells
treated with the Cu2+ complex of the Ch-8Q-containing mats (Supplementary Material,
Figures S6e and S7e). The results obtained from the fluorescence methods indicated that
the Ch-8Q-containing mats did not exhibit toxicity against Balb/c 3T3 cells (Supplementary
Material, Figures S6d and S7d).

4. Conclusions

In the present study, the Schiff base derivative (Ch-8Q) of Ch and 8QCHO was syn-
thesized and novel fibrous materials were successfully fabricated from Ch-8Q and PLA
by one-pot electrospinning of their blend solution. Complexes of the mats were easily
obtained by treating them with CuCl2 or FeCl3 solution. Based on ATR-FTIR, XPS and
EPR spectroscopic analyses, it was concluded that Cu2+ and Fe3+ ions in both studied
complexes of the Ch-8Q/PLA mats were preferably surrounded by 8Q-residue of Ch-8Q
fibrous materials. The incorporation of Ch-8Q in the fibrous mats and complexation with
Cu2+(Fe3+) imparted significant biocidal activity against S. aureus bacteria. These mats
demonstrated the ability to kill all S. aureus bacterial cells within a contact time of 3h.
Furthermore, in contrast to the Ch-containing mats, which only reduce the adhesion of
pathogenic bacteria S. aureus, Ch-8Q-containing materials and their complexes inhibit
bacterial adhesion. These fibrous mats exhibited high anticancer effects against human
cervical HeLa and human breast MCF-7 carcinoma cell lines. Their in vitro anticancer
activity depends on the incubation period. Fluorescence microscopy analyses indicated
that the induction of apoptosis was one of the major mechanisms of the anticancer efficacy
of the new materials. The cytotoxic effect of the mats was higher in cancer cells than in
non-cancer BALB/c 3T3 mouse fibroblasts. Moreover, Ch-8Q/PLA mats displayed no
cytotoxicity to the non-cancer cells. The obtained materials could find potential as wound
dressing materials and in application in local treatment of cervical and breast cancer.
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Abstract: Bacterially derived polyhydroxyalkanoates (PHAs) are attractive alternatives to commodity
petroleum-derived plastics. The most common forms of the short chain length (scl-) PHAs, including
poly(3-hydroxybutyrate) (P3HB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), are
currently limited in application because they are relatively stiff and brittle. The synthesis of PHA-b-
PHA block copolymers could enhance the physical properties of PHAs. Therefore, this work explores
the synthesis of PHBV-b-PHBV using relatively high molecular weight hydroxy-functionalised PHBV
starting materials, coupled using facile diisocyanate chemistry, delivering industrially relevant high-
molecular-weight block copolymeric products. A two-step synthesis approach was compared with
a one-step approach, both of which resulted in successful block copolymer production. However,
the two-step synthesis was shown to be less effective in building molecular weight. Both synthetic
approaches were affected by additional isocyanate reactions resulting in the formation of by-products
such as allophanate and likely biuret groups, which delivered partial cross-linking and higher
molecular weights in the resulting multi-block products, identified for the first time as likely and
significant by-products in such reactions, affecting the product performance.

Keywords: polyhydroxyalkanoates; isocyanate chemistry; block copolymers; allophanates;
cross-linking

1. Introduction

Polyhydroxyalkanoates (PHAs) are a family of natural polyesters that are synthe-
sised by microorganisms as an intracellular material to store carbon and energy [1]. Their
biocompatibility and biodegradability make them excellent candidates for biomedical
applications [2–4]. They are also thermoplastic and/or elastomeric (depending on their
copolymer composition), which makes them attractive substitutes for petroleum-based
synthetic polymers such as polypropylene (PP), polyethylene (PE) and polyethylene tereph-
thalate (PET) [5,6].

However, the most common of the PHAs, the homopolymer poly(3-hydroxybutyrate)
(P3HB) and copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), are con-
strained in their use by limitations in their material properties. P3HB and PHBV with low
(1 mol%) 3-hydroxyvalerate (3HV) content, in particular, have very narrow processing
windows and are relatively brittle [7,8]. The synthesis of block copolymers based on these
starting materials as one block, but coupled to another block of PHA that is incompatible,
is one approach for the potential step-change improvement in PHA properties [9–12].

The production of blocks of copolymers rather than blends is a highly attractive option
because of their versatility in developing unique microstructures that deliver very different
material properties for the as-formed products, as well as the flexibility to fabricate varia-
tions in polymer chain aggregation [8,9,11,13,14]. Furthermore, the molecular weight, to
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a large extent, is responsible for the end-use properties of biopolymers [15,16]. The me-
chanical properties of PHBV random copolymer, for example, deteriorate when the weight
average molecular weight (Mw) is lower than 100 kDa [17,18]. So, the target of this work is
to produce PHA-b-PHA block copolymers of high molecular weight (Mw> 100 kDa).

Attempts to produce PHA-b-PHA block copolymers have previously been made using
a biological approach. Two strategies have been adopted: one using direct pulse feeding
of carbon feedstock to unmodified organisms and deliberately switching on and off the
feeding over time and/or alternating the feedstock to produce different blocks [8,9]. It was
concluded that such a biological approach lacks control over the timing and extent of block
formation and in all probability produces both PHA/PHA blends as well as blocks and is
thus a complex mixture for which structure–property relationships of PHA-b-PHA of differ-
ent block lengths and compositions cannot readily be assessed [10,11,14,19–23]. The other
strategy is to use genetically modified organisms and to manipulate the switching on and
off of the metabolic pathways to deliver more controlled PHA-b-PHA blocks [10,11,22,23].
However, this strategy needs very tight control over the organisms present, with expensive
processing and genetic manipulation, and also requires advanced biological manipulation
of the synthetic strategy.

By contrast, the chemical synthesis of P3HB-/PHBV-based block copolymers using
natural random copolymers as starting materials is a reasonably straightforward synthetic
process that has the potential to deliver relatively controllable material structures and
narrowly defined compositions [24–26]. Various chemical methods can be applied for the
synthesis of PHA-based block copolymers, such as living radical polymerization, click
reaction, transesterification, isocyanate coupling reaction and ring opening polymerisation,
with Samui and Kamai providing a recent review [27]. However, only limited chemical
methods have been used to synthesise PHA-b-PHA block copolymers, due to the absence
of functional groups such as vinyl groups in most of the natural PHAs [28].

Further, in general, the typical PHA-based block copolymer synthesis reported in the
literature has used relatively low molecular weight hydroxy-functionalised PHA oligomers
(i.e., Mn < 4 kDa) derived from high molecular weight random copolymers as the starting
materials. However, for some applications such as packaging, high molecular weight final
products are needed, to achieve good mechanical properties. When starting with such
low molecular weight materials, it is therefore necessary to produce multi-block copoly-
mers in order to obtain relatively high molecular weight polymers with good mechanical
properties [29–31]. However, this strategy is less controllable with respect to the chemical
structure and architecture of the final products and introduces multiple urethane linkages,
likely influencing the final product properties. In addition, one of the dominant side
reactions is the formation of allophanates, which has been reported in polycaprolactone
(PCL)-b-polyethylene glycol (PEG) and PHA-b-PEG systems [32,33]. This resulted in blocks
with higher molecular weights and partially cross-linked products which could lead to
a shift in properties and the formation of microgels [32,33]. Despite being reported, the
allophanate side reactions were not characterised further in the past literature and none
was reported in PHA-b-PHA systems.

Further, since much of the potential property improvement in block copolymers is
obtained through local microphase separation of the different blocks [9,34–36], longer block
sequences may be desirable. Yet, the one example to our knowledge of the synthesis of a
PHA-b-PHA copolymer using the diisocyanate approach is where a low molecular weight
block copoly(ester–urethane) of Mn = 10.6 kDa was synthesised using a one-step process
from telechelic hydroxylated poly[(R)-3-hydroxyoctanoate] (PHO-diol, Mn = 2.4 kDa) and
telechelic hydroxylated poly[(R)-3-hydroxybutyrate] (P3HB-diol, Mn = 2.6 kDa) with L-
lysine methyl ester diisocyanate (LDI) as the junction unit. The synthesised block copolymer
delivered good thermoplastic properties, with a melting temperature (Tm) of 146 ◦C and a
glass transition temperature (Tg) of −6 ◦C. The mechanical properties were however those
of a soft, low-strength material, consistent with its low molecular weight [37].
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Therefore, the aim of this work was to synthesise novel, high molecular-weight PHBV-
b-PHBV block copolymers, using PHA macroinitiators of relatively high molecular weights
(e.g., Mn > 20 kDa).

The main approach to the chemical synthesis of PHA-based block copolymers is the
use of isocyanate chemistry to form urethane linkages from hydroxy-terminated PHA
blocks. This is a simple and efficient synthesis strategy, being quite rapid and clean, and
being a well-established process [38]. PHA-based block copolymers can be produced using
either a one-step or two-step process, where a one-step process adopts a single synthesis
stage, with all reactants combined together at the start, while a two-step process adopts the
alternate strategy of reacting a central hydroxy-terminated block with at least two times the
molar equivalent of diisocyanate to produce a central isocyanate-terminated block, which
is then subsequently reacted with an alternate hydroxy-terminated block in a second stage.
There are now many examples of these strategies being adopted in the literature, leading
to a wide range of block copolymeric products, often of significant molecular weight,
with distinctly different properties to their starting materials [4,24,34,37,39–41]. Overall,
PHA-based block copolymers joined by urethane links typically exhibit high thermal and
mechanical properties and good processing ability over their counterpart random and
blend copolymers [34,42]. However, this strategy has not been applied to PHBV-b-PHBV
synthesis, and it is a particularly relevant one for targeting high molecular weight block
copolymers where the proportion of functional end groups relative to the length of the
main chain is low, needing efficient coupling.

In this first instance, the methods for synthesis using isocyanate chemistry were
established using 1 mol% 3HV blocks. The effectiveness of both the one-step and two-step
processes for the production of PHBV-b-PHBV multi-block copolymers were compared by
tracing the reaction chemistry and the molecular weight of the products throughout. The
extent of possible side reactions, i.e., the formation of allophanates, was also characterised.
Our findings provide some insight into the methodology for the synthetic production
of PHA-b-PHA block copolymers, resulting in block copolymers of industrially relevant
molecular weight.

2. Materials and Methods
2.1. Materials

A commercial PHBV random copolymer of 1 mol% 3HV content was purchased
from TianAn Biopolymer (Ningbo, China) (Mn = 194 kg/mol, Mw = 455 kg/mol and
Ð = 2.3, by GPC, 1 mol% 3HV, by 1H-NMR, called Random_1HV#3 in this work). Hydroxy-
functionalised PHBV copolymers of low (1 mol%) 3HV content (Random_1HV#1, Ran-
dom_1HV#2, Random_1HV#4 and Random_1HV#5) were produced, as described in our
previous work [43]. Details of these materials are provided in the supplementary in-
formation (Table S1), noting that these products are mixtures containing mono-hydroxy
terminated PHBV and di-hydroxy-terminated (telechelic) PHBV, with some carboxylic
acid group functionality as well. HPLC grade chloroform, 1,2-dichloroethane (anhydrous,
99.8%), tin(II) 2-ethylhexanoate (stannous octoate, 92.5–100.0%) and hexamethylene diiso-
cyanate (puriss., ≥99.0% (GC)) (HDI) were purchased from Sigma-Aldrich (St. Louis, MI,
USA) and used as received. Deuterated chloroform (99.8%) was purchased from Novachem
(Calgary, AB, Canada) and used as received. Argon (Ultra High Purity) was purchased
from Supagas Pty Ltd. (Branxholm, Australia) and used as received.

2.2. Block Copolymer Synthesis

Based on our previous work and the literature [4,44,45], three different experiments
using hydroxy-terminated PHBV macromer starting materials and either a one-step or
a two-step process were carried out. The experimental conditions, including the details
of the hydroxy-terminated PHBV macromer used in these experiments and whether or
not the experiment was multi-step, are shown in Table 1. A summary of the experimental
approach is provided in Figure 1. Experiment #1 was a two-step synthesis. In the first
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step, the hydroxy-functionalised PHBV (Random_1HV#4) solution was added dropwise
to hexamethylene diisocyanate (HDI) at an [NCO]/[OH] ratio of 2.2 and temperature of
65 ◦C. The reaction of the first step lasted for 5 h. In the second step, double portions of
hydroxy-functionalised PHBV (Random_1HV#4) solution were quickly added into the
reaction system and the reaction was run for 48 h. Only the reaction products in the second
step of the two-step synthesis were analysed.

Table 1. Details of reaction conditions and materials used in block copolymer syntheses based on
1 mol% 3HV content PHBV.

Exp’t No.

Hydroxy-
functionalised
PHBV Starting

Materials

Mn (kDa) Mw (kDa) Ð 3HV
(mol%)

1 ◦OH and 2 ◦OH
Used in Reaction

(mmoles/
g PHA)

Description Experimental Conditions

1 Random_1HV#4 28 51 1.8 1 0.084

First and
second steps of

the two-step
synthesis

[NCO]/[OH] for step 1 = 2.2;
Temp = 65 ◦C; Time (step 1) =
5 h; Theoretical [NCO]/[OH]

for step 2 = 0.5 *; Temp = 65 ◦C;
Time (step 2) = 48 hOverall

[NCO]/[OH] = 2.2:3

2A Random_1HV#4 28 51 1.8 1 0.084

One-step
synthesis (first

step of the
two-step

synthesis)

[NCO]/[OH] for step 1 = 2.2;
Temp = 65 ◦C: Time = 18.5 h

2B Random_1HV#5 25 44 1.7 1 0.103
One-step
synthesis
extended

[NCO]/[OH] = 2.2;
Temp = 65 ◦C: Time = 24 h

* Based on initial NCO addition in step 1.
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Figure 1. Graphical overview of PHBV-b-PHBV block copolymer syntheses, where R represents
PHBV main chain. The yellow colour indicates the 2-step synthesis while the blue colour indicates
the one-step synthesis.

Experiment 2 was a one-step synthesis. Experiment #2A was essentially a repeat of
the first step of Experiment #1, and so the first 5 hours of it were used to understand the
reaction kinetics of the first step in a two-step synthesis. Experiment #2B was the duplicate
experiment of Experiment #2A with extended time and samples taken throughout so as to
follow the reaction kinetics of the one-step synthesis.

2.2.1. Drying of Glassware, Solvents and PHBV Reagents

In all these experiments, glassware was dried in an oven at 200 ◦C overnight and then
cooled in a desiccator over dried silica gel before use. The solvent 1,2-dichloroethane was
dried before use [46] and distilled by azeotropic distillation using a short-path distillation
apparatus. In this process, a two-necked round-bottomed flask (250 mL) equipped with a
reflux condenser and gas inlet was connected to a bubbler and the glassware was flushed
with argon and carefully flame dried. Then, 100 mL 1,2-dichloroethane and 3 g calcium
hydride were quickly added into the flask, which was heated in an oil bath at 60 ◦C under an
argon flux and magnetically stirred for 2 h. The reflux condenser was then replaced with a
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short-path distillation head, which was connected to a one-necked receiving flask (100 mL)
and a bubbler. The pre-dried 1,2-dichloroethane was then dried further by azeotropic
distillation, with the first 10% of azeotrope collected in the receiving flask being discarded
to remove the trace water from the solvent. The remaining distillate was collected and the
flask was flushed with argon before being sealed with a rubber septum and parafilm as a
dried solvent for the subsequent isocyanate reactions.

The hydroxy-terminated PHBV was firstly dried under vacuum (−90 kPa) in an oven
at 80 ◦C overnight then cooled in a desiccator over dried silica gel before use. A two-necked
round-bottomed flask (250 mL) equipped with a rubber septum (sealed with parafilm) and
a reflux condenser was connected to a bubbler and the glassware was flushed with argon
by injecting a needle through the rubber septum. The glassware was carefully flame dried
before dried hydroxy-terminated PHBV was quickly added into the flask under an argon
stream. Then, dried 1,2-dichloroethene (5 mL/gPHA) was quickly added into the flask
through the rubber septum using a 50 mL glass syringe, again under an argon stream. The
flask was then heated in an oil bath at 140 ◦C under an argon flux and magnetically stirred
until the PHBV was fully dissolved. Then, the solution was dried by azeotropic distillation
until 10% of the azeotrope was collected in the receiving flask (50 mL). The oil bath was
then cooled down to 65 ◦C.

2.2.2. Experiment #1: Two-Step Synthesis of PHBV-b-PHBV Multi-Block Copolymer

A three-necked round-bottomed flask (100 mL) equipped with a reflux condenser
and gas inlet was connected to a bubbler and the glassware was flushed with argon and
carefully flame dried. In the first step of the block copolymer synthesis, 3 g dried hydroxy-
terminated PHBV random copolymer (Random_1HV#4) was dissolved in 15 mL dried
1,2-dichloroethane and the PHBV solution was dried by azeotropic distillation. After the
PHBV solution was prepared, the reaction apparatus was flame dried again. Then, 2 mL 1,2-
dichloroethane, 0.012 mL stannous octoate as a catalyst (0.8 µL per mL 1,2-dichloroethene)
and 0.044 mL hexamethylene diisocyanate (HDI) (based on desired ratio relative to the
concentration of OH groups) were quickly added into the flask through the rubber septum
using 500 µL glass syringes. The solution was magnetically stirred and heated in an oil
bath at 65 ◦C. Then, the PHBV solution was immediately transferred into the three-necked
flask dropwise through the rubber septum using 20 mL glass syringes. The reaction was
conducted for 5 h.

In the second step, 6 g of the hydroxy-functionalised PHBV random copolymer was
dissolved in 30 mL dried 1,2-dichloroethane and the PHBV solution was dried by azeotropic
distillation. Then, the dried PHBV solution was quickly transferred into the three-necked
flask through the rubber septum using 20 mL glass syringes. The reaction was conducted for
48 h. In this second step, the [NCO]/[OH] ratio was 0.5, in accordance with normal practice,
in order to leave hydroxyl end groups present post synthesis. Samples were collected by
glass syringes through the rubber septum at different reaction times and quenched in a
mixture of diethyl ether and methanol (20/1, v/v) for further characterisation. Finally, the
quenched solids were recovered by vacuum filtration through a Buchner funnel fitted with
a dried, pre-weighed quantitative filter paper (WhatmanTM, Maidstone, UK, 10312209) and
rinsed with a large volume of methanol. Then, the product was dried in a vacuum oven
with a negative pressure of −90 kPa at 60 ◦C overnight.

2.2.3. Experiment #2A: One-Step Synthesis of PHBV-b-PHBV Multi-Block Copolymers

A three-necked round-bottomed flask (100 mL) equipped with a reflux condenser and
gas inlet was connected to a bubbler and the glassware was flushed with argon and carefully
flame dried. Then, 5 mL 1,2-dichloroethane, 0.032 mL stannous octoate as a catalyst (0.8 µL
per mL 1,2-dichloroethene) and 0.118 mL hexamethylene diisocyanate (HDI) (based on
desired ratio relative to concentration of OH groups) were quickly added into the flask,
through the rubber septum, using 5 mL and 500 µL glass syringes, respectively. The solution
was magnetically stirred and heated in an oil bath at 65 ◦C. Then, the dried hydroxy-
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functionalised PHBV solution (containing 8 g PHBV) was immediately transferred into the
three-necked flask dropwise through the rubber septum using a 20 mL glass syringe.

The reaction was conducted for 18.5 h. Samples were collected by glass syringes
through the rubber septum at different reaction times and quenched in a mixture of diethyl
ether and methanol (20/1, v/v) for further characterisation. Finally, the quenched solids
were recovered by vacuum filtration through a Buchner funnel fitted with a dried, pre-
weighed quantitative filter paper (WhatmanTM, Maidstone, UK, 10312209) and rinsed with
a large volume of methanol. Then, the product was dried in a vacuum oven with a negative
pressure of −90 kPa at 60 ◦C overnight.

2.2.4. Experiment #2B: One-Step Synthesis of PHBV-b-PHBV Multi-Block Copolymers with
Longer Reaction Time

Experiment #2B was a duplicate experiment of Experiment #2A, using a hydroxy-
functionalised PHBV (Random_1HV#5) of the same 3HV content and similar molecular
weight, with the reaction being run for a longer time (24 h). In this experiment, 8 g
hydroxy-terminated PHBV (Random_1HV#5) was reacted with 0.145 mL hexamethylene
diisocyanate (HDI) (based on the desired NCO ratio relative to concentration of OH groups,
see Table 1). The protocol was otherwise as described in Section 2.2.3.

2.3. Preparation of PHBV Films by Solvent Casting

To prepare solvent cast films, 1 g PHBV was dissolved in 10 mL HPLC chloroform (100
g/L) at 80 ◦C in an oil bath under reflux and cooled down after being well dissolved. Then,
the solution was placed in a Petri dish. After most of the solvent was slowly evaporated,
the film was dried under a vacuum to constant weight at room temperature. Then, the film
was left in an open environment for aging for at least two weeks before testing.

2.4. Solubility Assessment for As-Produced Block Copolymeric Products

The as-produced products were dissolved in HPLC-grade chloroform (25 mg/mL) at
80 ◦C in an oil bath under reflux. After the PHBV was well dissolved, the solution was
cooled and filtered through a Buchner funnel using pre-weighed polytetrafluoroethylene
filter papers (0.22 µm, WhatmanTM, Maidstone, UK, WM4-022090). Then, the filtered
solution was transferred into pre-weighed Petri dishes followed by rinsing of the receiving
flask three times with 20 mL chloroform each time, which was then added to the petri dish.
Then, the filtered solution was allowed to evaporate in the fume hood. The mass of the
solid residue was measured. The filter paper and the remaining undissolved solid were
transferred into a separate Petri dish and the mass of the remaining solid was weighed
after evaporation of the solvent (when it had reached constant weight).

2.5. Material Characterization
2.5.1. Gel Permeation Chromatography (GPC)

The number average molar mass (Mn), weight average molar mass (Mw) and dispersity
(Ð) of the PHBV copolymers were determined by GPC, using an Agilent 1260 Infinity Multi
Detector Suite system (Cheshire, UK). Samples were dissolved in HPLC grade chloroform
(2.5 mg/mL) followed by filtration using polytetrafluoroethylene syringe filters (0.22 µm,
Kinesis, ESF-PT-13-022). An HPLC solvent delivery system was used in conjunction with
an auto-injector. A column set consisting of a guard column (Agilent PLgel 10 µm 7.5 mm
× 50 mm) followed 3 × Agilent PLgel 10 µm MIXED-B columns (7.5 mm × 300 mm) in
series. The columns were kept at 30 ◦C. A refractometer, at 30 ◦C, was used to detect
the signals. A chloroform flow rate of 1 mL/min was used for the analysis. Narrowly
distributed molecular weight polystyrene standards and Agilent PS-H EasiVial calibration
standards (PL2010-0201). The apparatus was calibrated with polystyrene standards. The
Mark–Houwink–Sakurada (MHS) relation and specific MHS parameters (K and a) were
used to correct the molar mass. K = 7.7 × 10−3 mL/g and α = 0.82 were used in this
study [47].
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2.5.2. Nuclear Magnetic Resonance Spectroscopy (NMR)

Quantitative 1H high-resolution one-dimensional NMR spectra were acquired at 298 K
in deuterated chloroform (CDCl3) (50 mg/mL) on Bruker Advance 700 and 500 spectrome-
ters. The number of scans was set to 512. The relative peak intensities of 1H-NMR spectra
were determined using PeakFit 4.12 software [9]. Chemical shifts were referenced to the
residual proton peak of CDCl3 at 7.26 ppm. The list of chemical shifts of the as-identified
peaks from 1H-NMR throughout the study are presented in Table S2.

Solid-state 13C-NMR spectra were performed at 298 K on a Bruker Advance III spec-
trometer with a 300 MHz magnet equipped with a 4 mm double air bearing, magic angle
spinning probe. The powdered samples were placed in a zirconia rotor with a Kel-F cap
and rotated at 5 kHz. Next, 13C spectra were recorded with a CPMAS pulse sequence.
The ramped cross-polarization time was 1 ms, and decoupling was carried out using a
tppm 15 sequence with 100 kHz. The relaxation delay was 3 s and the acquisition time
was 49 ms. A total of 2048 scans were collected. Adamantane was used as a reference. The
list of chemical shifts of the as-identified peaks from 13C-NMR throughout the study are
presented in Table S3.

2.5.3. Differential Scanning Calorimetry (DSC)

DSC analysis was performed using a TA instrument Q2000. Samples of 2–4 mg in
sealed aluminium pans were analysed under nitrogen flow (50 mL/min). A five-step
procedure was applied as follows: (1) Equilibrate at 25 ◦C, then heat up from 25 ◦C to
190 ◦C with a 10 ◦C/min ramp and keep isothermal for 0.1 min to erase the thermal
history; (2) cool down to −70 ◦C with a 10 ◦C/min ramp and keep isothermal for 5 min;
(3) heat up from −70 ◦C to 190 ◦C with a 10 ◦C/min ramp; (4) cool down to −70 ◦C
with a 100 ◦C/min ramp; and (5) heat up to 25 ◦C with a 20 ◦C/min ramp. The melting
temperature (Tm) and enthalpy of melting (∆Hm) were determined from the first heating
cycle while the crystallisation temperature (Tc) was determined from the first cooling scan.
The glass transition temperature (Tg) was determined from the final heating cycle. Data
were analysed using TA Universal Analysis software (UA 4.5.0.5).

3. Results and Discussion

In this work, the synthesis of PHBV-b-PHBV block copolymers was achieved using
diisocyanate chemistry, adopting either a two-step or a one-step approach. The starting
materials were relatively high molecular weight hydroxy-terminated PHBV macromers of
(1 mol%) 3HV content, and the diisocyanate was deliberately selected to be the less rigid
aliphatic hexamethylene diisocyanate (HDI), to limit the risk of introducing rigidity into
the resulting chain.

The loading of isocyanate to the reactive end group is an important variable. Excess of
isocyanates, over the stoichiometric requirements, i.e., [NCO]/[OH] ratio of 2.2, was used
in Experiment 2A.

3.1. Molecular Weight and Functional Groups of the Reaction Products

An increase in molecular weight is a key indicator for the success of the block copoly-
mer synthesis with results shown in Figure 2. It should be noted that further reaction of the
isocyanate with the urethane reaction products to produce allophanate and/or biuret bonds
is possible, causing branching and chemical cross-linking [48,49]. Therefore, it is likely
that after all the hydroxyl groups were reacted with isocyanate groups (Figure 3a,b), the
further increase in molecular weight was mainly dependent on the formation of allophanate
linkages by the reaction of urethane groups with isocyanate groups (Figure 3c), which has
been illustrated in our previous study [44].
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Figure 3. Chemical reaction of (a) primary hydroxyl groups with isocyanate groups to form urethane
groups; (b) secondary hydroxyl groups with isocyanate groups to form urethane groups; and (c)
urethane groups with isocyanate groups to form allophanate groups. R and R′ = PHBV random
copolymer and R′′ = NCO or NHC(O)OR′. The functional groups of interest are identified in red.

The proportion of insoluble components in the final products was assessed as an
indicator of the extent of cross-linking (Table 2). A gelatinous insoluble component was
observed, at 2.7–19.5 wt.%, indicating some by-product formation. In addition, the one-step
products (Block_1HV#1 and Block_1HV#2) were characterised using solid-state NMR and
compared with their counterpart random copolymers of the same 3HV contents and similar
molecular weights (Random_1HV#1 and Random_1HV#2). As shown in Figure 4, peaks at
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around 28 ppm were only observed in the one-step products, which were attributed to the
methylene group of an allophanate functionality (labelled as Al2, 4C, -O-CO-(R)N-CO-NH-
CH2-CH2-CH2-CH2-CH2-CH2-) [44,50,51], indicating the formation of allophanate groups
(therefore cross-linking) in the block copolymer synthesis. This was also evidenced by the
broad peaks at around 142–160 ppm, which were attributed to the carbonyl peaks of the
allophanate (labelled as C1, 1C, -O-CO-(R)N-CO-NH-CH2-) [50,51]. The detailed chemical
shifts of the other peaks are shown in the supplementary material (Table S3). Thus, the gel
as produced was likely primarily due to the formation of these allophanate cross-linking
groups.

Table 2. Solubility of final reaction products of block copolymer synthesis.

Experiment No. Final Reaction Products Insoluble Component (wt.%)

1 Product of two-step synthesis 2.7
2A Block_1HV#1 4.4
2B Block_1HV#2 19.5
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Figure 4. Solid-state 13C-NMR results of PHBV materials of 1 mol% 3HV, where R′ = PHBV random
copolymer and R′′ = NCO or NHC(O)OR′. The carbons identified in the spectra are indicated in red
in the chemical structures above.

3.1.1. Two-Step Synthesis (Experiment #1)

The molecular weight was quantified through only the final (second) step of the two-
step reaction for Experiment #1 (shown in Figure 2a); the initial 5 h of reaction was inferred
from the first 5 h of Experiment #2A. It is worth noting that the molecular weights of the
mixture at time zero in the second step (i.e., after adding the second hydroxy-functionalised
block, Random_1HV#4, Mn of 28 kDa, Mw of 51 kDa) are smaller than the product after 5 h
of reaction for Experiment #2A (Mn of 43 kDa, Mw of 81 kDa). This is due to the fact that
the addition of hydroxy-functionalised PHBV at the start of the second step decreased the
average molecular weight of the mixture. Regardless, excess isocyanate was still expected
to be present at the start of this second stage of the two-step block copolymer synthesis.
This was evidently the case with the molecular weight of the reaction products in the
second step increasing gradually, with Mn increasing from 28 to 43 kDa and Mw increasing
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from 56 to 74 kDa within 3 h of the addition of the second aliquot of hydroxy-functionalised
PHBV (Figure 2a).

The [NCO]/[OH] ratio over the whole synthesis was 2.2:3. But this meant that in
the second stage of this two-step synthesis, the [NCO]/[OH] ratio would be at best less
than 1, even if no reaction had occurred in the initial 5 h stage. If this reaction had run
as planned, the molecular weight should in the end have been triple that of the time zero
material. However, the molecular weight of the final reaction products only increased
around 1.5 times after 3 h in this second stage. And after that, no further increase in
molecular weights was observed even after an extended 48 h, i.e., the addition of the second
dose of hydroxy-functionalised PHBV effectively consumed all remaining isocyanate but
without further blocking copolymer synthesis. As shown in Figure 5b, the 1H-NMR spectra
showed that neither the primary (Et1 and Et2) nor the secondary hydroxyl groups (2 ◦OH)
were fully consumed after 48 h, while urethane peaks associated with the reaction of the
primary and secondary hydroxyl groups (Ur1 (1H, -O-CH2-CH2-O-CO-NH-) and Ur2 (1H,
-CO-CH2-CH(CH3)-O-CO-NH-), respectively) were observed in all reaction products [44],
confirming that there was insufficient isocyanate present at the end to complete the reaction.
There are many possible reasons for this, not least of which is that a large proportion of
isocyanate has been consumed in the first step, with isocyanate reacting with both hydroxyl
groups and urethane groups. It is also noted that trace water or other impurities present in
the second batch of PHBV copolymers or introduced during their addition reacted with
any unreacted diisocyanate or isocyanate functionalised PHBV that was present, removing
the potential for further reaction. The reaction product was thus likely a blend of some
block material with unreacted hydroxy-terminated PHBV macromonomer.

Although this experiment failed to build up molecular weight as expected, there was
still 2.7 wt.% of the insoluble component in the final products, which is likely due to the
formation of cross-linked materials caused by excess isocyanate in the first step.

3.1.2. One-Step Synthesis (Experiment #2A and 2B)

In contrast to the two-step synthesis, the molecular weights through time of the
reaction products from Experiment #2A showed a large increase between the 5 h reaction
product and the 18.5 h reaction product, with the Mn increasing from an initial 28 kDa to
reach 93 kDa and Mw increasing from 51 kDa to 163 kDa after 18.5 h (Figure 2b). Both the
Mn and the Mw of the final reaction products were greater than triple that of the starting
hydroxy-functionalised PHBV, indicating the formation of a multi-block copolymer. It is
clear that under these conditions, and with the excess isocyanate present, the isocyanate
reaction continued over time to produce a likely blend of different multi-block copolymers
of PHBV, as would be expected.

The 1H-NMR spectra of the reaction products of Experiment #2A are shown in
Figure 5a and revealed that the primary hydroxyl groups were fully consumed within
40 min, while the secondary hydroxyl groups were fully consumed within 1.5 h. The
urethane peaks associated with the reaction of the primary and secondary hydroxyl groups
were observed in all reaction products, confirming the proposed isocyanate chemistry.
The presence of trace allophonate groups (labelled as Al1, 2H, -O-CO-(R)N-CO-NH-CH2-
CH2-CH2-CH2-CH2-CH2-) was also confirmed [44], which was consistent with solid-state
NMR results.

Overall, from the results of Experiment #1 and #2A, the idea of preparing PHBV
capped with isocyanate groups at each end in the first step and then synthesising a tri-block
copolymer was shown to be challenging under the experimental conditions used. This is
different from what has been reported in the literature, where tri-block copolymers have
been successfully synthesised using a two-step strategy at 50 ◦C with a [NCO]/[OH] ratio
of 2.2 in the first step [45,52]. However, in our work, the formation of allophanate groups
coincidently helped to build up blocks, which is a key finding and was applied in this work
to synthesise cross-linked PHA-b-PHA block copolymers that might potentially improve
the toughness of PHAs.
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Figure 5. Detailed 1H-NMR results of the reaction products of (a) the first step of the two-step
synthesis (from the first 5 h of Experiment #2A) and (b) the second step of the two-step synthesis
(Experiment #1), where time is post addition of second tranche of hydroxy-functionalised PHBV. Key
functional groups identified in the 1H-NMR spectra through labels are shown to the right, labelled
in red. Et = ethylene glycol-derived end group, where Et1 and Et2 are the protons associated with
that ethylene group; H1,HB is the tertiary proton associated with the butyric acid derived end group;
2 ◦OH = secondary hydroxyl proton associated with the butyric acid derived end group; Ur1 = proton
of primary hydroxyl-derived urethane group; Ur2 = proton of secondary hydroxyl-derived urethane
group; Ur3 and Ur4 = protons adjacent to the urethane groups that were derived from the diisocyanate;
Al1 = proton adjacent to allophanate group; R and R′ = PHBV random copolymer; and X = NCO or
NHC(O)OR′.

Based on the above discussion, the one-step synthesis was shown to be feasible for
building molecular weight, with evidence of this being primarily through the formation
of urethane groups, and the synthesis could be manipulated by extending the reaction
time. In support of this, the molecular weights of the reaction products from the one-step
synthesis in Experiment #2B almost trebled over the initial 18 h, with Mn increasing from 24
to 67 kDa and Mw increasing from 43 to 126 kDa (Figure 2b). As the reaction continued to
progress, the Mn and Mn of the final reaction products (after 24 h) increased around fivefold
overall compared to the starting hydroxy-functionalised PHBV. Once again, it is likely that
the formation of allophanate linkages—causing branching and chemical cross-linking—
contributed greatly to the increase in molecular weight (with 19.5 wt.% insoluble gel,
Table 2). It is therefore assumed that the synthesised final product—where the molecular
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weight increased fivefold—is likely a mixture of linear, branched and/or cross-linked block
copolymers. The 1H-NMR spectra were very similar to those of Experiment #2A, and,
hence, are not discussed in detail here.

3.2. Thermal Properties of As-Synthesised Block Copolymers

The thermal properties of the as-synthesised final products are given in Table 3. The
respective DSC thermograms are shown in the supplementary information (Figures S1–S5).
Three random copolymers of 1 mol% 3HV (Random_1HV#1, Random_1HV#2 and Ran-
dom_1HV#3) were compared with the two block copolymer products from Experiment
#2A (Block_1HV#1) and #2B (Block_1HV#2). The product from Experiment #1 was not
included as it was a mixture of block copolymers and the unreacted starting random
copolymers. Comparing the initial cell-produced random copolymer of 1 mol% 3HV (Ran-
dom_1HV#3, Mn of 194 kDa) with the hydroxy-functionalised transesterification products
(Random_1HV#1, Mn of 86 kDa and Random_1HV#2, Mn of 117 kDa), the thermal proper-
ties of the PHBV random copolymers were similar, except for the slight increase in Tg for
Random_1HV#3, which was due to the lower chain mobility of the longer polymer chains.

Table 3. Thermal properties of PHBV-b-PHBV block copolymers and random copolymers.

PHBV Material Mn
(kDa)

Mw
(kDa) Ð Tm (◦C) ∆Hm (J/g) Tc (◦C) ∆Hc (J/g) Tg (◦C)

random

Random_1HV#1 86 186 2.2 157.6/
174.0 102.3 98.3 87.1 2.6

Random_1HV#2 117 273 2.3 160.0/
175.0 102.5 103.4 89.2 2.6

Random_1HV#3 194 455 2.3 159.5/
170.0 106.0 104.7 87.3 4.0

block
Block_1HV#1 94 159 1.7 153.1/

168.5 94.0 104.9 78.9 6.3

Block_1HV#2 107 221 2.1 152.2/
167.3 89.2 110.0 83.7 8.9

However, the thermal properties differed slightly more between random copolymers
and the chemically synthesised block copolymers, with slightly lower Tm and ∆Hm values
and a small increase in the Tg being observed for the latter. This is likely due to constrained
chain mobility as a consequence of the formation of three-dimensional allophanate or
potential biuret structures [53], as well as possible hydrogen bonding effects from the
urethane groups (although they are a small component of the composition overall) and
possible further constraints due to microphase separation between links.

By comparing the two synthesised block copolymers of different degrees of cross-
linking (Block_1HV#1 and Block_1HV#2), it is also observed that with the increase in
cross-linking, the Tm and ∆Hm values decreased slightly, while the Tg values increased
from 6.3 ◦C (for Block_1HV#1) to 8.9 ◦C (for Block_1HV#2).

4. Conclusions and Outlook

Overall, a comparison between the one-step and the two-step synthesis of PHBV-b-
PHBV block copolymers has been established, based on relatively high molecular weight
hydroxy-functionalised copolymeric PHBV starting materials containing 1 mol% 3HV.
In both strategies, block copolymers were successfully synthesised, as evidenced by the
increase in molecular weight and the formation of urethane groups from NMR analysis.
However, the one-step synthesis is a more efficient approach. Moreover, there was evidence
of by-product formation, particularly allophonate and likely biuret groups, through the
further reaction of isocyanates with the urethane groups initially formed. This resulted
in cross-linking, particularly following extended reactions with high isocyanate loadings,
and the formation of relatively high molecular weight products. It is a key finding of this
work and helps to establish an approach for the synthesis of novel PHA-b-PHA through
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the relatively simple one-step strategy of block copolymer production. In addition, the
fundamentals of the synthesis were investigated, which, to our knowledge, have not been re-
ported for the synthesis of PHA-b-PHA block copolymers based on diisocyanate chemistry.

It is also suggested for future research that the effect of reaction conditions—such
as temperature and amounts of catalyst—on the formation of the side reactions of the
diisocyanate chemistry could be investigated. By reducing or even eliminating the side
reactions—i.e., maximising the formation of isocyanate-terminated intermediate reaction
products based on a [NCO]/[OH] ratio of 2.2—the synthesis of a target PHA-b-PHA-b-PHA
tri-block copolymers would be achievable.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym15153257/s1, Figure S1: First heating scans of 1 mol%
3HV block and random copolymers and high 3HV block, blend and random copolymers; Figure S2: First
cooling scans of 1 mol% 3HV block and random copolymers and high 3HV block, blend and random
copolymers; Figure S3: Second heating scans of 1 mol% 3HV block and random copolymers and
high 3HV block, blend and random copolymers; Figure S4: Second cooling scans of 1 mol% 3HV
block and random copolymers and high 3HV block, blend and random copolymers; Figure S5: Last
heating scans of 1 mol% 3HV block and random copolymers and high 3HV block, blend and random
copolymers; Table S1: Details of hydroxy-functionalised PHBV random copolymers used; Table S2:
Chemical shifts of 1H-NMR spectra of reaction products of HDI with hydroxy-functionalised PHBV;
Table S3: Chemical shifts of PHBV materials in solid-state 13C-NMR spectra.
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49. Petrović, Z.S.; Javni, I.; Divjaković, V. Structure and physical properties of segmented polyurethane elastomers containing
chemical crosslinks in the hard segment. J. Polym. Sci. Part B Polym. Phys. 1998, 36, 221–235. [CrossRef]

50. Ishida, M.; Yoshinaga, K.; Horii, F. Solid-State 13C NMR Analyses of the Microphase-Separated Structure of Polyurethane
Elastomer. Macromolecules 1996, 29, 8824–8829. [CrossRef]

51. Stern, T. Hierarchical fractal-structured allophanate-derived network formation in bulk polyurethane synthesis. Polym. Adv.
Technol. 2018, 29, 746–757. [CrossRef]

52. Li, G.; Li, P.; Qiu, H.; Li, D.; Su, M.; Xu, K. Synthesis, characterizations and biocompatibility of alternating block polyurethanes
based on P3/4HB and PPG-PEG-PPG. J. Biomed. Mater. Res. Part A 2011, 98, 88–99. [CrossRef]

53. Desai, S.; Thakore, I.M.; Sarawade, B.D.; Devi, S. Effect of polyols and diisocyanates on thermo-mechanical and morphological
properties of polyurethanes. Eur. Polym. J. 2000, 36, 711–725. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

272



Citation: Richely, E.; Beaugrand, J.;

Coret, M.; Binetruy, C.; Ouagne, P.;

Bourmaud, A.; Guessasma, S. In Situ

Tensile Testing under High-Speed

Optical Recording to Determine

Hierarchical Damage Kinetics in

Polymer Layers of Flax Fibre

Elements. Polymers 2023, 15, 2794.

https://doi.org/10.3390/

polym15132794

Academic Editors: Antonio

M. Borrero-López,

Concepción Valencia-Barragán,

Esperanza Cortés Triviño,

Adrián Tenorio-Alfonso and

Clara Delgado-Sánchez

Received: 28 May 2023

Revised: 15 June 2023

Accepted: 16 June 2023

Published: 23 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

polymers

Article

In Situ Tensile Testing under High-Speed Optical Recording to
Determine Hierarchical Damage Kinetics in Polymer Layers of
Flax Fibre Elements
Emmanuelle Richely 1 , Johnny Beaugrand 1,* , Michel Coret 2 , Christophe Binetruy 2, Pierre Ouagne 3 ,
Alain Bourmaud 4 and Sofiane Guessasma 1,*

1 INRAE, Research Unit BIA UR1268, 3, Impasse Yvette Cauchois, 44316 Nantes, France
2 Lab Therm & Energie Nantes, LTeN, École Centrale de Nantes, Nantes Université, CNRS, GeM, UMR 6183,

44321 Nantes, France; michel.coret@ec-nantes.fr (M.C.); christophe.binetruy@ec-nantes.fr (C.B.)
3 Laboratoire Génie de Production (LGP), Université de Toulouse, INP-ENIT, 65016 Tarbes, France;

pierre.ouagne@enit.fr
4 Université de Bretagne Sud, IRDL UMR CNRS 6027, 56100 Lorient, France; alain.bourmaud@univ-ubs.fr
* Correspondence: johnny.beaugrand@inrae.fr (J.B.); sofiane.guessasma@inrae.fr (S.G.)

Abstract: This study aims at better understanding the damage and fracture kinetics in flax fibre
elements at both the unitary and bundle scales, using an experimental setup allowing optical observa-
tion at high recording rate in the course of tensile loading. Defects and issues from flax unitary fibre
extraction are quantitated using polarized light microscopy. Tensile loading is conducted according
to a particular setup, adapted to fibres of 10 to 20 µm in diameter and 10 mm in length. Optical
recording using a high-speed camera is performed during loading up to the failure at acquisition, with
speed ranging from 108,000 to 270,000 frames per second. Crack initiation in polymer layers of fibre
elements, propagation as well as damage mechanisms are captured. The results show different failure
scenarios depending on the fibre element’s nature. In particular, fractured fibres underline either a
fully transverse failure propagation or a combination of transverse and longitudinal cracking with
different balances. Image recordings with high time resolution of down to 3.7 µs suggest an unstable
system and transverse crack speed higher than 4 m/s and a slower propagation for longitudinal crack
deviation. Failure propagation monitoring and fracture mechanism studies in individual natural
fibre or bundles, using tensile load with optical observation, showed contrasted behaviour and the
importance of the structural scale exanimated. This study can help in tailoring the eco-design of
flax-based composites, in terms of toughness and mechanical performances, for both replacement of
synthetic fibre materials and innovative composites with advanced properties.

Keywords: flax fibre; tensile testing; crack propagation; fractography; high-speed optical imaging;
microstructure; in situ tensile testing

1. Introduction

Flax is currently viewed as one of the most promising plant fibres to replace synthetic
materials, such as glass, in composite industry [1,2]. Thanks to the large specific mechanical
performance of flax fibres, light and sustainable technical parts can challenge traditional
counterparts [3]. Flax fibres are derived from the stems of the flax plant [4]. It has a
hierarchical structure, with a large complexity composed of primary and secondary cell
walls. The primary wall is the outermost layer of the fibre [5]. It is composed of cellulose
microfibrils, hemicellulose and pectin [6]. The primary cell wall is the origin of the fibre
flexibility and its ability to bend and twist [7]. The secondary cell wall is located beneath
the primary cell wall, and is composed mainly of cellulose microfibrils and amorphous
polymers, such as hemicellulose and lignin [8]. The secondary cell wall is responsible for
the fibre’s strength and stiffness, making it resistant to breaking and tearing [9,10]. As is

Polymers 2023, 15, 2794. https://doi.org/10.3390/polym15132794 https://www.mdpi.com/journal/polymers273



Polymers 2023, 15, 2794

the case for plant fibres, flax usage is threatened by property variability, which is triggered
by its genuine phenotype and extraction processes [11]. The effect of this variability on
the mechanical performance is amplified by global warming [12]. In fact, the variability of
plant fibres within the context of valorisation in the composite industry is threatened by
several factors, such as climate change, where the need for quality control is important to
guarantee that biobased composite performance meets the specification thresholds. Thus,
the understanding of the link between the structure and the performance of plant fibre
elements, such as flax, is important to quantify the effect of variability and adopt strategies
to attenuate its effect within the context of large-scale manufacturing. Several ways exist to
act in that regard, with both leverages at fibre genetics [13–15] and extraction parameters.
For instance, generation of new porosity and disruption in MFA (microfibril angle) have
been reported due to plant fibre extraction machines [16,17]. The damage caused by the
mechanical extraction influences the mechanical performance of genuine fibre elements, as
well as the fibre-based composites [18–21]. This damage involves complex deformation
mechanisms due to the interaction with the core structure of the fibre, such as the lumen,
and the roughness [19,22–24]. These mechanisms promote stress localisation phenomena,
which are difficult to capture if in situ testing or numerical models that use exact fibre
elements ultrastructure are not considered. These defects gain a role at the composite
level, through the intrinsic fibre properties or the interfacial properties. Both result in
various failure scenarios, depending on the compatibility and the fibre surface treatments
used to improve the load transfer between the matrix and the fibre [25]. When it is not
possible to use elementary (also called unitary) fibres as reinforcement, bundles potentially
close the gap. However, bundles add more complexity, because of the role of the middle
lamella [26,27]. Here, at least three main scales need to be investigated to anticipate the
composite performance, namely: unitary fibre, bundle and composite microstructure.

Many attempts have been made to understand the unitary fibre and bundle scale on
the failure properties of flax [28,29]. By means of scanning electron microscopy and acous-
tic emission, Romhany et al. [28] showed that flax bundles exhibit a combination of axial
splitting of the unitary fibres and radial cracking. Barbulée et al. [30] reported a frictional
behaviour of unitary fibres under tension within the flax bundle and the delamination pro-
cess, which compete with a transverse fibre rupture. Ahmed et al. [31] compared the effect
of the unitary fibre and bundle scales on the mechanical behaviour of flax using scanning
electron microscopy. A sequential rupture scenario has been suggested, which encom-
passes bundle rotation, unitary fibres segregation and ultimate failure. Fuentes et al. [24]
reported deformation mechanisms of hemp bundles by using digital image correlation. The
authors showed that interfacial behaviour explains the ultimate performance of bundles,
as a significant shearing is witnessed for weak bundles, and transverse rupture of unitary
fibres for strong ones.

In terms of the role of defects in rupture properties, Mott et al. [32] reported tensile
results in wood fibres conducted under SEM observation, where defects acted as preferred
sites for failure. Further, Baley [33] demonstrated, through SEM observations, crack ini-
tiation from kink bands in flax fibres. Aslan et al. [34] demonstrated the link between
variability in properties and the defect distribution in unitary flax fibres. In particular,
optical microscopy and SEM results showed a fracturing behaviour originating from both
internal and surface defects.

Despite great efforts to quantify the outcome of fracture behaviour in unitary natural
fibres and bundles, either by post-mortem or in situ SEM observations, the kinetics and
ranking of deformation mechanisms are not easily understood. On top of that, the role
of defects in defining rupture scenarios are not thoroughly described. High-speed optical
recording has been envisaged as a way to capture the rupture events in natural fibre ele-
ments and related composites [25,27,35,36]. These observations highlight the increasing
complexity in damage initiation and growth, depending on the scale. Transversely, lon-
gitudinal cracking and bridging phenomena are all reported as competing deformation
mechanisms, where defects are identified as potential sites for crack initiation. Because of
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the multiple surface defects, combined with a rapid crack propagation, monitoring failure
is challenging because of the difficulty to maintain a high frame rate while observing a
large region of interest. Some attempts were made to address this difficulty by performing
notches on the fibres prior to testing, to obtain a more localised rupture [35].

With recent progresses in terms of recording velocity by high-speed cameras, it is now
possible to decipher the mechanisms involved during the failure in flax fibres without
guiding the crack initiation. This study aims at providing a clear view of the deformation
mechanisms in flax, at both the unitary fibre and bundle scales, with focuses on the failure
scenarios, crack initiation and propagation paths.

This study addresses, firstly, the topography and chemical composition of flax fibre
elements, as well as the quantification of the defect density and extent, from polarized light
microscopy. Secondly, optical imaging at high acquisition rates is conducted during tensile
loading to explore the damage growth in flax fibre elements. The damage mechanisms are
discussed according to various cracking models.

2. Experimental Layout
2.1. Materials

The Bolchoï variety was selected as a high-fibre yield textile flax fibre for testing. Dew-
retted flax stems were provided by Groupe Depestele/Teillage Vandecandelaère. These
were cultivated in France and dew-retted in the field in 2017. After harvesting, the plants
were stored, scutched and hackled. The fibre bundles obtained were then intentionally
damaged by crushing them between rollers on a pilot scutching line (ENI-Tarbes). There-
fore, unitary fibres extracted from scutched bundles with contrasted defect density were
extracted manually, depending on the location, i.e., close or in-between the marks left
by the rollers.

2.2. Biochemical Composition

For all biochemical analyses, a first step of homogenization was performed by cryo-
grinding (SPEX 6700 freezer Mill) approximately 2 g of raw flax bundles into powder, taken
from the middle part of the scutched technical flax fibres (about 60 cm long) from each
batch. The results given are the mean values, expressed as the percentage of dry matter.

• Monosaccharides:

Flax powdered samples (approximately 5 mg per trial) were subjected to pre-hydrolysis
in 12 M H2SO4 (Sigma Aldrich, Darmstadt, Germany) for 2 h at 25 ◦C. An additional hydrol-
ysis step in 1.5 M H2SO4 was carried out for 2 h at 100 ◦C after the addition of inositol, which
is used as an internal standard. The alditol acetate derivatives of the neutral sugars [37]
were analysed by gas phase chromatography (Perkin Elmer, Shelton, CT, USA), equipped
with an DB 225 capillary column (J&W Scientific, Folsorn, CA, USA) at 205 ◦C, with H2
as the carrier gas and a flame ionisation detector. Standard monosaccharide solutions of
known concentrations were used for calibration. The galacturonic and glucuronic acids
were merged as uronic acids, and determined by the m-hydroxybiphenyl method [38], a
colorimetric quantification. Three independent trials were performed for each analysis.

• Lignin:

The lignin content was quantified by spectrophotometry following the acetyl-bromide
method [39]. Three independent trials were performed for each fibre batch, and the
chemicals were laboratory-grade, provided by Sigma Aldrich (Darmstadt, Germany).

• Proteins:

The protein content was estimated by the C/N Dumas method, which allows the
nitrogen, carbon and sulphur content to be measured by fast and complete combustion of
the sample, using an elemental analyser (VarioMicro, Elementar, Lyon, France). The protein
content is derived from the nitrogen content using a conversion factor of 6.25, following
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the general case. The determination of conversion factors is still controversial [40]. Two
independent trials were performed.

2.3. Sample Preparation

Flax fibre elements, as unitary or in bundles, were glued onto cardboard frames pre-
pared by laser cut, and adapted for an optimal control of the fibre alignment on the tensile
bench. Unitary fibres were extracted manually from bundles. All samples used in this
study were scanned by optical microscopy prior to tensile testing, in order to characterize
their morphology and defect distribution. Optical images were obtained using a micro-
scope (Leitz DMRB, Leica Microsystems, Nanterre, France) equipped with a Hamamatsu
digital camera (C11440 ORCA-Flash4.0 LT, Hamamatsu city, Japan). Large image scanning
was performed thanks to a motorized stage (Marzhauser, Wetzlar, Germany), allowing
scanning along all of the fibres. Images were acquired using both bright light and linearly
polarized light, and objectives of ×10 and ×20, leading to a maximum spatial resolution of
18,000 × 2000 pixels, with a pixel size of 328 to 656 nm. The diameters were measured at
3 to 6 locations along each fibre element by optical microscopy. The cross-sectional area
was calculated from the mean of the diameters, assuming a circular cross-section. The
edges of the paper frame were cut prior to the test.

2.4. Optical Image Processing

Optical images were processed to evaluate the density of defects within flax fibres. The
process is illustrated in Figure 1. All acquired images were converted from RGB to grey
level images. Image superposition is required to encapsulate the grey levels of the polarised
image within the fibre element space. For such a purpose, a series of image processing
operators, such as threshold, fill hole and max feature isolation, were used to convert the
bright image into an outlined one, resulting in the image of fibre boundary extraction as
shown in Figure 1. Next, the retrieved boundaries from the outlined image were added and
superimposed to the polarised image. The grey level distribution within the fibre, delimited
by the added boundaries, were analysed to derive the linear density of the defects and their
intensity compared to the mechanical properties.
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2.5. Standard Tensile Experiments

• Unitary fibre scale:

Tensile tests were carried out on unitary fibres up to the fracture point in an MTS
machine (MTS System, Créteil, France) at IRDL, Lorient (France), using a 2 N load cell
and a strain rate of 1 mm/min, in accordance with the AFNOR NF T 25-501 standard.
The controlled testing environment was set to 25 ± 1 ◦C and 48 ± 2% relative humidity.
The fibres were manually extracted and glued to a paper frame with a gauge length of
10 mm. The edges of the paper frame were trimmed prior to testing. The compliance
of the system was taken into account, in order to compensate for the influence of non-
specimen extension in tensile testing, which leads to underestimation of Young’s modulus
and overestimation of strain [41]. Regarding the test reliability, 45 unitary fibres were tested
to ensure confidence in measured properties. The stress–strain curves were plotted, taking
into account the determination of the cross-sectional areas, which are based on 6 optical
measurements along their length and assuming a circular approximation.

• Bundle scale:

Tensile testing experiments were carried out on 42 bundles in an MTS machine
(MTS System, Créteil, France) at IRDL, Lorient (France), using a 50 N load cell, an acquisi-
tion frequency of 10 Hz and a strain rate of 1 mm/min. The controlled testing environment
was set to 23 ± 1 ◦C and 43 ± 1% relative humidity. The fibre bundles were manually
extracted and glued to a paper frame with a gauge length of 75 mm. Mean diameters were
determined as the average of 6 diameter measurements along the bundles, taken by optical
microscopy. The edges of the paper frame were trimmed before testing.

2.6. In Situ Tensile Experiments

Tensile testing experiments were carried out on unitary fibres using a Linkam machine
TST350 (Linkam Scientific Instruments, Epsom, UK) with a 20 N load cell under high-speed
camera recording. The tensile device was placed on a stage equipped with micrometre
drives, allowing displacements with a precision in the µm range (Figure 2). As only the
central zone could be imaged, the gauge length was adjusted from 15 to 5 mm, in order to
capture the damage mechanisms without the need to localize the rupture. Moreover, laser
markings were placed at 0.5 mm intervals on the 5 mm cardboard frame, to indicate specific
locations of interest noted during the optical scanning. The testing environment was set to
24 ± 1 ◦C and 27 ± 3% relative humidity. Continuous tensile tests were conducted with
a displacement rate of 1 mm/min, in accordance with the AFNOR NF T 25-501 standard.
Moreover, the displacement was applied to both jaws. A minimum of 11 unitary fibres and
2 bundles were tested for the damage study.

High-speed camera recording, at speeds ranging from 100,000 to 270,000 frames per sec-
ond (fps), was achieved using a Photron FASTCAM SA1.1 camera (Photron, Tokyo, Japan),
equipped with a telecentric lens (TC16M009, Opto engineering, Mantova, Italy). The full
frame dimensions were 1024 × 1024 pixels for frame rates of up to 5400 fps. The dimensions
around the fibre elements were reduced to 1024 × 16 pixels, in order to achieve 270,000 fps.
The pixel size in this setup is 5.1 µm. The acquisition was triggered manually as soon as the
failure was observed, allowing the sequence to be recorded before triggering. The exposure
time was reduced to minimize blurring effects. Additional lighting was applied to improve
the image quality, using an LED source placed behind the tensile device (Figure 2).
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2.7. Scanning Electron Microscopy Observations

Scanning electron microscopy (SEM) was performed close to the rupture point on the fi-
bre elements after tensile testing, using a SEM Quattro S (ThermoFisher, Waltham, MA, USA).
The fibre elements, still glued on the cardboard frame at both ends, were clamped and ob-
served under low vacuum conditions at a pressure of 100 Pa, an acceleration voltage of 7 kV
and a magnification between ×150 and ×15,000.

3. Results and Discussion
3.1. Biochemical Results

The monosaccharide composition of the Bolchoï variety, determined by gas phase
chromatography (GPC), and expressed as a function of dry matter, shows that the main
monosaccharide is glucose, which represents 78% of the dry matter. Glucose is often
considered to represent the cellulose content of bast fibres, and values between 55 and
90% are reported in the literature for retted textile flax [6,42]. Regarding the other minor
in-mass saccharides, the galactose content is 3.6%. Galactose is the main constituent of
β(1–4)-galactan, the main encrusting component of unitary fibres, and is likely to be part
of rhamnogalacturonan-I (RG-I) [43]. Both have been observed in the secondary cell wall
at maturity. The galactose/rhamnose ratio has been reported to adjust the length and
number of the RG-I chains, allowing the cellulose microfibril packing to be calculated [44].
In our study, this ratio is close to 4.8. The uronic acid content is 1.9 ± 0.1%, and reflects the
presence of pectin in the middle lamella [45].

The lignin content is about 2.4% of the dry matter. These values are in agreement with
those reported in the literature, ranging from 1 to 5% for flax [46]. A higher lignin rate has
been described by several authors [47,48] as a possible response to an abiotic stress, such as
lodging, temperature or lack of water. Since lignin is predominantly found in the middle
lamella and cell junctions [49,50], a high degree of retting and a thin middle lamella might
explain the relatively low lignin content in the flax studied.

The protein content was estimated from a nitrogen content assay, and shows the same
trend as the lignin content, with a low value of around 1.4%. The differences suggest that the
compound middle lamella (CML), composed of the middle lamella and adjacent primary
cell walls and enriched in structural proteins [43], is less important for the flax studied.
However, the origin of the proteins is diverse, and includes both those contained in the
fibres (mentioned in the CML) and those introduced by the retting step. It should be noted
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that retted flax certainly owes its low protein content to the fact that it underwent extensive
enzymatic digestion, since proteases are also secreted by the decomposing microorganisms.
Moreover, some proteins may be involved in the plant’s defence mechanisms against
external stresses [51].

3.2. Overall Mechanical Behaviour

Figure 3 shows the typical stress-strain response of the studied flax fibre at both the
unitary and bundle scales. At the unitary fibre scale, where the average flax fibre diameter
is 16 ± 3 µm, the average Young’s modulus reflecting the compilation of 45 testing results
is 40 ± 10 GPa. In the case of plant fibres, due to the natural variability, especially the
diameter, presence of kink-bands and size of lumen forms, standard deviations between
20 and 30% are often reported [34]. The observed low stiffness of the flax studied may be
related to a high microfibril angle or the presence of a large number of defects. The other
properties measured were the elongation at break (2.04 ± 1.05%) and the tensile strength
(666 ± 232 MPa). When comparing these results with the literature data [52], the strength
and stiffness are positioned in the lower range, while the elongation at break is in the
middle range.
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Figure 3. Typical tensile response of flax fibre elements at the unitary and bundle scale.

Tensile test results at the bundle scale show tensile strengths of 205 ± 85 and
193 ± 92 MPa. Taking into account the mean diameter of the bundles of 114 ± 21 µm, which
is approximately 7 times the unitary fibre diameter, the high probability of critical flaws
would explain a low strength value at the bundle scale, according to Griffith’s theory [53].
These strength values could be attributed to a high degree of retting, resulting in a less
cohesive middle lamella, or to a more technical aspect related to the influence of the gauge
length in specimen [15]. Nevertheless, the values obtained are consistent with the literature
results for 75 mm gauge length [28,54], and the decrease in strength as a function of the
gauge length has already been extensively studied. Indeed, for gauge lengths above a
threshold value of about 25 mm, the bundles can be considered as aligned short composites,
driven by the weaker mechanical properties of the middle lamella. Load drops prior to
the ultimate failure have also been observed as shown in Figure 3, possibly corresponding
to the successive early failure of some fibres within the bundles [28,31,55]. The strain at
break (1.24 ± 0.34%) appears to be smaller than the unitary fibre scale. This supports the
idea of the role of a weaker phase driving the failure of the bundle, namely the middle
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lamella. The Young’s modulus results (19.1 ± 6.2 GPa) are obtained with a variability of
about 32% (i.e., the ratio between the standard deviation and the mean). This variability
underlines the change in bundle diameter (18%), but also the non-linear behaviour, against
which stiffness assessment is assessed in the last linear segment of the stress-strain curves
before the load drops.

The relatively low score for tensile properties at both the unitary and bundle scales
may be related to the circular cross-section approximation, which can be better captured by,
for instance, automated laser scanning techniques. A correction factor similar to those deter-
mined for other types of plant fibres [56,57] could be applied to compensate for the underes-
timation of the fibre strength and moduli caused by the circular cross-section assumption.

3.3. Defect Analysis Results

Figure 4a illustrates the variation in the defect intensity along the fibre length, for
which the average size is 19 ± 2 µm. The defect intensity is measured here as the average
grey level within the transverse direction. Within the same double Y-axis plot, the variation
in the fibre diameter is shown. Large peaks reaching 32 µm indicate the presence of remains
of the middle lamella. Smaller peaks of about 12 µm suggest the presence of a twist, which
is often encountered during the sample preparation. Attempts to correlate the intensity of
the defects with the diameter of the fibres seems to be inconclusive. Further, it appears that
the average defect intensity within the entire fibre does not fit the mechanical data, as a
large scatter is observed with the tensile strength, for example. However, the measured
scatter, which represents the standard deviation of the defect density divided by the average
defect intensity, shows a trend with respect to the ultimate properties. The highest scatter
appears to be associated with lower tensile stress values.

Figure 4b shows the compiled defect density results for 45 unitary fibres as a function
of the average diameter. The diameter is measured along the entire length, as shown
in Figure 1, by processing outline images from the bright optical micrographs. The defect
density is plotted as the average grey level intensity from optical images acquired under
linearly polarized light. Figure 4b shows that there is a large scatter in the results, but
a global trend can still be read that supports the idea of increasing defect density with
increasing fibre diameter. The scatter also increases as the diameter increases, which can be
also related to the difficulty of capturing the defect within the fibre cross-section, unless it
is rotated during acquisition.

Unfortunately, when these data are related to tensile behaviour, there is no general
trend between the defect density and the tensile response. Figure 4c shows, however, a
negative correlation between the tensile strength and defect density scatter. This scatter
is measured as the ratio of the standard deviation to the average defect density along the
length of the unitary fibres.

3.4. In Situ Mechanical Behaviour at Unitary Fibre Scale

Detailed characteristics and mechanical properties, obtained from in situ tensile test-
ing of flax unitary fibres and bundles with high-speed camera recordings, are presented
in Table 1. Failure sequences were recorded using a high-speed camera, with recording
speeds ranging from 108,000 to 270,000 frames per second (fps). The initial, pre-failure and
post-failure images were compared with the initial image obtained by bright and polarized
light microscopy prior to testing. SEM images of the fracture surfaces after tensile testing
are also presented.

The tensile strength and elongation at break of unitary fibres are close to the values
obtained from regular tensile experiments for a gauge length of 10 mm, with a mean
strength of 656 ± 164 MPa and a mean strain at break of 2.78 ± 1.18%, even though only
11 fibres were tested here.

280



Polymers 2023, 15, 2794Polymers 2023, 15, x FOR PEER REVIEW  9  of  20 
 

 

 
(a) 

 
(b) 

 
(c) 

0.0 0.5 1.0 1.5 2.0 2.5

0

10

20

30

40

 Fibre diameter
 Defect intensity

Fibre length (mm)

F
ib

re
 d

ia
m

et
er

 (
µ

m
)

0

40

80

120

160

200

240

D
efect intensity (-)

10 15 20 25 30 35

0

1

2

3

4

5

6
 

D
ef

ec
t i

nt
en

si
ty

 p
er

 u
ni

t 
le

ng
th

 (
µ

m
-1
)

Fibre diameter (µm)

500 600 700 800 900

0.6

0.7

0.8

0.9

 

D
e

fe
ct

 d
e

n
si

ty
 s

ca
tt

e
r 

(-
)

Tensile strength (MPa)

Figure 4. Defect analysis from optical imaging: (a) linear density of the defects measured according
to the average grey level divided by the diameter, (b) correlation between the defect density and the
fibre diameter, (c) relationship between tensile strength and defect density.
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Table 1. Characteristics and mechanical properties of unitary fibres (a) and bundles (b) after high-
speed camera in situ tensile testing. ROI: Region Of Interest.

Sample Recording Speed (fps) ROI Size (pix.) Strength (MPa) Elongation at Break (%)

b-1-41 100,000 704 × 48 403 1.80

a-1-10

108,000 1024 × 48

757 3.19

a-1-11 557 3.76

b-1-37 794 3.45

a-1-12

150,000 1024 × 32

482 3.60

a-1-13 875 1.79

a-1-14 554 2.78

a-1-22 483 3.97

a-1-16 852 1.59

a-1-18 861 3.57

a-1-20

270,000 1024 × 16

462 0.80

a-1-24 595 1.39

a-1-26 741.3 4.17

Mean values for
unitary fibres - - 656 ± 164 2.78 ± 1.18

The complementary observations lead to different failure scenarios, depending on
the fibre, as shown in Figures 5–9. In particular, the fracture fibre ends highlight a fully
transverse failure propagation in Figure 6, or a combination of transverse and longitudinal
propagation along different directions in other cases (Figures 5 and 7–9). Moreover, the
short recording times, down to 3.7 µs, did not allow consecutive images of the failure mech-
anisms to be obtained in the case of almost complete transverse failure (Figures 5 and 6).
This suggests a very unstable system and transverse crack propagation speeds higher
than 1.5 and 4 m/s respectively. The longitudinal deviation could therefore lead to a
slower overall failure, acting as an energy dissipating mechanism, as hypothesized by
Beaugrand et al. [58]. However, observations at the surface only prevent crack propagation
in the bulk from being captured. Moreover, it should also be remembered that only five
fibres were fully described here.

In Figure 5, we can see that failure has occurred in a defected part of the fibre, which
appears as a bright and curved area under polarized light prior to loading. However, the
precise location of the failure initiation is difficult to evaluate, and therefore we can only
assess the failure initiation in a globally defected area. The fracture surfaces reveal a large
transverse failure with a small longitudinal deviation, which could be attributed to a sub-
layer delamination or the presence of a central lumen [59]. Finally, longitudinal cracks close
to the fracture surface can be underlined, with a zoom in on a crack bridging phenomenon.

The fracture surfaces in Figure 6 also show a predominant transverse failure, revealing
a central dark area, which could correspond to the lumen. In addition, the possible
involvement of surface mechanisms is evidenced in the high-speed camera images, with
failure occurring in the vicinity of a surface impurity, indicated by blue arrows. The latter
could be remnants of residual middle lamella or cortical tissue. Interestingly, the failure
did not occur on the initially observed curved area, which is progressively straightened
upon tensile testing.
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Figure 5. Images of the initial stage observed by optical microscopy under both bright and polarized
light, and a zoom on the steps of failure of a flax unitary fibre a-1-11, observed during in situ tensile
testing thanks to a high-speed camera. SEM images of the two fracture surfaces after complete failure.
The scalebars indicate 100 µm, unless specified.
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Figure 6. Images of the initial stage observed by optical microscopy under both bright and polarized
light, and a zoom on the steps of failure of a flax unitary fibre a-1-22, observed during in situ tensile
testing thanks to a high-speed camera. SEM images of the two fracture surfaces after complete failure.
The scalebars represent 100 µm, unless specified, and the separation of a surface impurity is indicated
by blue arrows.
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Figure 7. Images of the initial stage observed by optical microscopy under both bright and polarized
light, and a zoom on the steps of failure of a flax unitary fibre a-1-14, observed during in situ tensile
testing thanks to a high-speed camera. SEM images of the two fracture surfaces after complete
failure. The scale bars represent 100 µm, and the separation of a surface impurity is indicated by
a white arrow.
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Figure 8. Images of the initial stage observed by optical microscopy under both bright and polarized
light, and a zoom on the steps of failure of a flax unitary fibre a-1-18, observed during in situ tensile
testing thanks to a high-speed camera. SEM images of the two fracture surfaces after complete failure.
The scalebars represent 100 µm.
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Figure 9. Images of the initial stage observed by optical microscopy under both bright and polarized
light, and a zoom on the steps of failure of a flax unitary fibre a-1-20, observed during in situ tensile
testing thanks to a high-speed camera. SEM images of the fracture surface of the left part of the fibre
after complete failure. The scalebars represent 100 µm, and mesofibril misorientations highlighting a
defected area are indicated by blue arrows.

Transverse cracking, followed by large longitudinal crack propagation, is highlighted
in the SEM images of Figure 7. Moreover, it is also noted that the failure occurs in a zone of
higher fibre diameter, which appears as a bright area under polarized light. This could be
the result of pre-test processing damage, due to the compression of the cell walls between
the rollers. Moreover, we can also see the removal of a surface impurity, indicated by
a white arrow on the right part of the fibre. Regarding the fractured surfaces, a large
longitudinal crack and disorganized cellulose macrofibrils can be seen in the top image.

The combination of transverse and longitudinal mechanisms is highlighted on the
SEM images in Figure 8. Failure does not occur in the brightest area, and therefore in the
zone of higher defect density along the fibre. The fracture surfaces reveal a significant crack
at the surface of the upper part of the fibre, and a cell wall split longitudinally into three
parts at the lower part of the fibre.

Finally, the fibre shown in Figure 9 has a failure close to a surface protrusion. At first
sight, this could be attributed to a remaining part of adherent tissue, probably from the
middle lamella or cortical tissue. However, the fracture surface shows the presence of
cellulose macro- and microfibrils close to this protrusion, with a misalignment characteristic
of a defect which could have caused the failure [60]. Unfortunately, with the observation
of the other part of the fibre, it was not possible to confirm this hypothesis. Furthermore,
the very low defect content and straight fibres observed in the initial stage before loading
could be the result of a pre-tension applied during the sample preparation, explaining the
low strain at break value of 0.8%.

In conclusion, the careful observation of the failure sequences in five different unitary
fibres reveals different mechanisms involving pure transverse, and therefore more brittle,
failure, or a combination of transverse failure and longitudinal splitting, in agreement with
previous results reported in the literature [19,34,35]. Fractographic analysis reveals rough
surfaces, typically encountered after tensile solicitation [31], and the presence of cracks
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close to the fracture surface. Moreover, some fibres have been observed to fail in a zone of
high defect density, as shown by polarized light microscopy, but this scenario cannot be
generalized to all samples. In agreement with the explanation given by Madsen et al. [19],
the failure mechanisms may depend on microstructural parameters, such as the severity
and spacing of defects, as well as the size of the lumen. Therefore, it is difficult to explain
the differences between the fibres and the correlation with their mechanical properties
based on the surface information provided in this study only. The use of X-ray tomography
will be of interest in the second part of the study to access bulk information and, espe-
cially, defect severity and porosity-related mechanisms. Finally, the possible implication
of surface contaminants in failure initiation is highlighted in two cases. As evidenced
in Figure 9, the surface flaws may also coincide with zones of cellulose microfibril mis-
alignment. As a perspective, bulk information will help to confirm and understand the
underlying mechanisms.

3.5. In Situ Mechanical Behaviour at Bundle Scale

The investigation continued at the bundle scale, to better understand the contribu-
tion of the middle lamella to the failure mechanisms. Two bundles reflecting contrasted
behaviour are shown in Figures 10 and 11. The first bundle shows a hierarchical failure
sequence characterized by inter-fibre delamination, followed by the transverse failure
of some unitary fibres (Figure 10). This is consistent with the observations of several
authors [61], who point to fibre splitting prior to complete failure. Details of the rough
interface are observed in the SEM images with the residual compound middle lamella and
fibrillar structure, which may correspond to cellulose macrofibrils of the outer layers. In
contrast, Figure 11 shows a predominant transverse failure of the unitary fibres without
delamination. It occurred in a thicker zone, which could correspond to a defected area.
However, polarized light microscopy did not allow the observation of defects in thick
bundles, and volume information will help decipher the role of porosity and initial de-
lamination in the different behaviours. Indeed, the second scenario lad to an early failure,
characterized by a lower strength and strain at break (around 400 MPa and 1.8%, compared
to 794 MPa and 3.5% reported for the first bundle). The value of 800 MPa for the strength
is consistent with the values reported by Bos et al. [62] for such a short gauge length. As
hypothesized by Fuentes et al. [24], the biochemical composition of the middle lamella
could also explain the differences between the failure scenarios, which can be altered by
moisture content [61,63–65]. However, it must be remembered that the gauge length is
inferior to most fibre lengths. Therefore, the behaviours observed here may not reflect
the loading of the middle lamella as for the longer gauge length, but rather resemble the
behaviour of the unitary fibre scale.
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complete failure. The scalebars represent 200 µm, unless specified.
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4. Conclusions

High-speed camera observations during tensile testing revealed the fastest purely
transverse failure of some unitary fibres, and a combination of transverse and longitudinal
propagation in others, resulting in a delayed failure. Polarized light microscopy revealed
a possible involvement of defects, and bright light observations highlighted the possible
role of surface effects. However, the underlying mechanisms may be related to porosity,
and need further investigation using more adequate tools, such as X-ray tomography.
Indeed, surface observation can hardly reveal the extent of the lumen’s role in driving or
contributing to the failure at the unitary fibre scale, where transverse failure predominates.

The major limitation of the method is the accessibility to core deformation within
the fibres, where, for instance, stress localisation close to lumen space cannot be captured.
Another secondary limitation is lack of spatial and time resolutions to capture the cracking
behaviour of unitary fibres along the transverse direction. The main advantage is the
assessment of fast cracking involving surface defects, allowing revelation of intricate details
under high magnification, and allowing the building of realistic scenarios of deformation
sequences for a deeper understanding of crack deviation.

However, contrasted behaviours are observed at the bundle scale, linked to the ad-
ditional complexity induced by the presence of numerous fibres connected by a middle
lamella. Indeed, the high-speed camera showed a hierarchical failure by delamination
between the fibres, followed by transverse failure of the unitary fibres in one case, and
purely transverse failure of fibres close to a defected area in another case. The bulk effects
can be again further explained by X-ray tomography experiments, which will be the subject
of future work. The idea is to provide realistic scenarios of the transverse rupture for both
compact and airy bundles, considering the role of the middle lamella.
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Silk Fibroin-g-Polyaniline Platform for the Design of
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Abstract: The structural modification of biopolymers is a current strategy to develop materials
with biomedical applications. Silk fibroin is a natural fiber derived from a protein produced by
the silkworm (Bombyx mori) with biocompatible characteristics and excellent mechanical properties.
This research reports the structural modification of silk fibroin by incorporating polyaniline chain
grafts through a one-pot process (esterification reaction/oxidative polymerization). The structural
characterization was achieved by 1H-NMR and FT-IR. The morphology was studied by scanning
electron microscopy and complemented with thermogravimetric analysis to understand the effect of
the thermal stability at each step of the modification. Different fibroin silk (Fib): polyaniline (PAni)
mass ratios were evaluated. From this evaluation, it was found that a Fib to PAni ratio of at least 1
to 0.5 is required to produce electroactive polyaniline, as observed by UV-vis and CV. Notably, all
the fibroin-g-PAni systems present low cytotoxicity, making them promising systems for developing
biocompatible electrochemical sensors.

Keywords: silk fibroin; polyaniline; electroactive system; cytotoxicity

1. Introduction

Conducting polymers have contributed significantly to biomedical applications [1]
because their properties change depending on the pH and temperature, the presence of an
oxidizing or reducing agent, and the acidic or basic environment [2]. Polyaniline (PAni), in
particular, has shown essential roles in biomedical applications, such as scaffolds for cell
reproduction [3]. However, limited biocompatibility and the absence of biodegradability
are drawbacks that restrict its use in applications in the field of biomedical materials and
biosensors [4]. Consequently, the design of electroconductive-electroactive polymeric mate-
rials, especially copolymer systems [5] and graft copolymers [6], is a strategy for solving
such disadvantages. The intrinsic properties are different according to the architecture,
e.g., random copolymers, their conductive characteristics, and the dedoping point could
be modified, depending on the specific requirements [7]. On the other hand, the graft
copolymers and block copolymers architectures do not change the main chain conjuga-
tion; however, they can increase colloidal stability, surface adherence, and in general, the
processability of the systems [8].

On the other hand, the silk fibroin (Fib) is the base protein of silkworm (Bombyx mori)
cocoons, consisting of the following amino acid sequence: glycine-alanine-glycine-alanine-
glycine-serine (GAGAGS). Fib is a biocompatible material with exceptional properties [9];
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for example, high strength, slow degradation, and water-processable [10]. Furthermore,
grafting polymers from Fib has been a strategy for developing biocompatible materials.
For example, Boonpavanitchakul et al. reported that the development of Fib-g-PLA copoly-
mers with an increase in processability due to Fib reduces the crystallinity of PLA [11].
In addition, Nong et al. found a methodology for coloring silk through graft polymeriza-
tion of acrylamides utilizing Lacasse as a catalyzer [12]. Lastly, Zhou et al. studied the
Fib-g-polyacrylic acid, a graft copolymer, as a scaffold for biomimetic mineralization of
Ca/P solutions [13]. Therefore, Fib is a material with potential and value in biomedical
applications [14].

The synergy of Fib with conductive polymers allows the design of biocompatible
and biodegradable systems with electroactive and electroconductive properties, which
have promising potential in the regeneration of electrically-active tissues such as nerve
fibers [15]. Scaffolds for tissue engineering with electrical properties and high mechanical
properties with nerve regeneration potential have also been studied [16]. The development
of biocompatible electrodes is another field of interest, in which is possible to monitor elec-
trophysiological tests, e.g., electrocardiograms or electroencephalograms [17]. In addition,
Fib-PAni copolymers with electroconductive properties were used as resistive sensors for
ammonium and acetaldehyde with remarkable reversibility [18]. Similarly, Hong et al.
reported an outstanding electrical conductivity (0.6 S/cm) for a Fib copolymer in the form
of yarn [19].

Moreover, electrochromic-electroactive properties have also been studied in electronic
textiles based on Fib-PAni fibers obtained by electrospinning, allowing the design of
materials with environmentally friendly and biocompatible characteristics [20]. Likewise,
Li et al. reported filaments of a Fib-PAni copolymer obtained through the wet-spinning
technique, using an ionic liquid obtained from shell wastes and formic acid, as the solvent. It
was found that the electrical conductivity of the filaments depends on the PAni content [21].

In this work, the synthesis of Fib-g-PAni copolymers from a one-pot methodology
is reported, consisting of consecutive Fischer esterification and oxidative polymerization.
Different characterization techniques were employed to analyze in detail the esterification
reaction between Fib and aminobenzoic acid, and grafting to polyaniline chains by oxidative
polymerization. This copolymer is proposed as a biocompatible-electroactive platform for
designing electrochemical sensors that could be in contact with living tissue. This first
manuscript describes the method of synthesis and characterization of the copolymer, its
electrochemical behavior, and a first approach to cytotoxicity studies.

2. Materials and Methods
2.1. Materials

Silkworm cocoons, sodium carbonate (Merk, St. Louis, MO, USA, >98%), nitric acid
(Fermont, Monterrey, Nuevo Leon, Mexico), dimethylsulfoxide (DMSO) (Merk, St. Louis,
MO, USA, >99%), 3-aminobenzoic acid (Merk, St. Louis, MO, USA, >98%), aniline (Merk,
St. Louis, MO, USA, >99.5%), sulfuric acid (Merk, St. Louis, MO, USA, >98%), ammonium
persulfate (APS) (Merk, St. Louis, MO, USA, 98%), triple distilled water.

2.2. Silk Degumming

When working with Fib, it is essential first to remove sericin because it covers the
fibroin structure, precluding surface interactions with other compounds. The methodology
commenced by cutting the cocoons into fragments of around 1 cm2. The degumming
process was carried out in a reflux system with magnetic stirring. The cut cocoons (1 g) and
50 mL of sodium carbonate aqueous solution (20 mM) were placed inside the reflux system.
The mixture was heated to boiling point under continuous stirring for 2 h. Subsequently, the
liquid was withdrawn and replaced with another 50 mL of the sodium carbonate solution,
followed by another 2 h under the same conditions. Finally, the product was filtered and
washed with tridistilled water. The Fib obtained was dried at room temperature [22].
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2.3. Synthesis of the Fibroin-g-Polyaniline Copolymer

The fibroin-g-polyaniline (Fib-g-PAni) copolymer was prepared through a one-pot
methodology. Fischer esterification and oxidative polymerization were carried out consecu-
tively. Figure 1 illustrates the reaction scheme and the proposed model of Fib-g-PAni.
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2.3.1. Fischer Esterification

The organic reaction was performed in a reactor provided with temperature control
and magnetic stirring. DMSO (10 mL), Fib (1 g), and nitric acid (1 mL) were then added and
stirred for 1 h at laboratory temperature. Next, 3-aminobenzoic acid (150 mg, 1.1 mmol)
was added dropwise, and then the reactor was heated to 70 ◦C, maintaining magnetic
stirring for 6 h. The product was called Fib-NH2.

It is worth saying that to carry out the characterization, Fib-NH2 was purified by
dialysis in water (2 days) to remove the DMSO. Afterward, the compound was purified
through a chromatographic column using an ethanol: ethyl ether (1:9) mixture as the mobile
phase. After purification, the Fib-NH2 was an orange solid, and the reaction presented a
yield of 35%.

2.3.2. Oxidative Polymerization

The Fib-NH2 solution (without purification) was cooled to room temperature, and
the anilinium salt (polyaniline precursor monomer) was added. Table 1 reports the exper-
imental systems. APS was added in a molar ratio of 5:4, regarding the anilinium sulfate
monomer. Both solutions were stirred separately and subsequently mixed. The polymer-
ization was carried out at 60 ◦C for 6 h. After polymerization, the product was purified by
three precipitation–centrifugation cycles. The precipitation was performed with 100 mL
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of sulfuric acid aqueous solution (H2SO4, 3 wt%) to prevent the dedoping effect. Finally,
the product was washed with the same acid solution and dried at room temperature. The
Fib-g-PAni was solid with a dark green color.

Table 1. Formulations employed for fibroin-g-PAni (Fib-g-PAni).

Sample Fib (g) 3-Aminobenzoic
Acid/g (mmol)

Anilinium
Sulfate/g (mmol) APS/g (mmol) Yield/%

Fib-g-Pani 1:0.1 1 0.15 (1.1) 0.10 (0.523) 0.149 (0.654) 15%
Fib-g-Pani 1:0.25 1 0.15 (1.1) 0.25 (1.307) 0.373 (1.634) 45%
Fib-g-Pani 1:0.5 1 0.15 (1.1) 0.50 (2.615) 0.746 (3.269) 87%
Fib-g-Pani 1:1 1 0.15 (1.1) 1.00 (5.230) 1.492 (6.537) 95%

2.4. PAni Polymerization

The neat PAni homopolymer was synthesized in a flask equipped with a stirring bar.
Firstly, 100 mL of H2SO4 (1 M) and aniline (10.737 mmol) were added. Once the anilinium
salt was formed, the oxidizing initiator APS (13.42 mmol) was added. The solution was
cooled at 4 ◦C for 24 h. The homopolymer, a dark green suspension, was purified by
centrifugation at 5000 rpm. The solid was redispersed with H2SO4 (0.1 M) to prevent the
dedoping process for three cycles. The yield of polymerization was 75%.

2.5. Cytotoxicity Assays on Fib-g-PAni

The cytotoxicity of the Fib-g-PAni 1:1, Fib-g-PAni 1:0.5, Fib-NH2, and PAni was evalu-
ated in NIH/3T3 fibroblast cells (ATCC® CRL-1658™) through the MTT (methyl thiazole
tetrazolium) assay. Just prior to the assay, the powdered copolymer and instruments
were sterilized under UV light for 25 min (5 cycles of 5 min). Tested compounds were
then dispersed in a culture media to reach 0.1, 0.5, 2, and 4 mg/mL of the Fib-g-PAni
copolymers. For Fib-NH2, the contents were 0.05, 0.33, 1, and 2 mg/mL and for PAni
0.03, 0.25, 1, and 2 mg/mL, respectively. For the assay, cells were cultured in a DMEM-
F12 HAM media supplemented with 5% fetal bovine serum and incubated at 37 ◦C with
90% humidified/5% CO2/95% air. The media was replaced every 24–48 h until 80–90%
confluence was reached for seeding treatments. NIH/3T3 cells were seeded in 96-well
microplates at a density of 2 × 104 cells/well (100 µL supplemented media) and incubated
under identical conditions for 24 h. Old media was then replaced with 100 µL of treatment
dilutions. A dilution of 0.4% SDS was parallel assayed as a positive control and cells not
treated were used as reference controls. All treatments were carried out in triplicate, and
the microplate was incubated for 24 h. After incubation, all media was removed, and
cells were gently washed with PBS at pH 7.4. A total of 100 µL MTT of culture media
(0.5 mg/mL) was then added to each well. The microplate was incubated for another 4 h.
The media/MTT was removed, and 100 µL of acidified isopropanol was added to each well
to dissolve the MTT metabolized by the cells. Finally, the plate was read at an absorbance of
570 nm using a microplate reader (Varioskan Lux VLBLATD2, Thermo Scientific, Waltham,
MA, USA). Cell viability relative to untreated cells (reference control) was determined
as follows.

Cell viability (%) = [(O.D. Test)/(O.D. Reference control)] × 100 (1)

where O.D. (Test) and O.D. (Reference) represent the mean absorbance of the treated cells
and the absorbance of the reference cells, respectively.

2.6. Characterization

The structural characterization of the products was performed by 1H-NMR spec-
troscopy, using the spectrophotometer (NMR Bruker Ascend 400 MHz, Billerica, MA, USA)
at 400 MHz, and DMSO-d6 as the solvent. To solubilize Fib in DMSO-d6, adding 10 µL
of nitric acid and sonication was necessary. The structural characterization was comple-
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mented with infrared spectroscopy (FT-IR) using a Fourier transform spectrophotometer
(GX-FTIR, Perkin Elmer, Waltham, MA, USA). Spectra were obtained using the attenuated
total reflectance (ATR) technique. The thermal stability of the copolymers was studied by
thermogravimetric analysis (SDR Q600, TA Instruments, New Castle, DE, USA) with a
sensitivity of 0.1 µg. The samples were heated from room temperature to 700 ◦C with a
heating ramp of 10 ◦C min−1 in an air atmosphere.

Additionally, the absorption of all compounds in the UV and visible range was studied
using a UV-VIS-NIR spectrometer (Evolution 220, Thermo Scientific, Waltham, MA, USA).
In addition, a dispersion of the samples (1 mg) in 5 mL of distilled water and then sonicated
10 min, was utilized for analysis. The morphology of the Fib-g-PAni was observed using a
field emission scanning electron microscope (JSM-7401F, Jeol Ltd., Akishima, Tokyo, Japan),
operating in emission mode (FE-SEM).

The electroactivity properties were studied through a three-electrode system, employ-
ing as a reference electrode a Ag/AgCl electrode, a platinum plate (1 cm2) as the counter
electrode, a glassy carbon electrode acting as a working electrode, and a potentiostat (Em-
stat3+ blue, PalmSense BV, Houten, The Netherlands). The electrochemical properties
were explored by cyclic voltammetry with a potential window from −0.5 to 1.0 V, and the
experiments were realized with H2SO4 (1 M) as an electrolyte.

3. Results and Discussion

The structural modification of Fib was developed through a Fisher esterification
reaction between the 3-aminobenzoic acid and the serine present in Fib. The typical molar
content of serine is 12.2% in fibroin [23]. Subsequently, the PAni chains were grafted,
employing oxidative polymerization varying the ratio of the anilinium salt monomer and
Fib-NH2, synthesizing four Fib-g-PAni copolymers.

3.1. Chemical Characterization

The structural characterization of Fib-g-PAni and its predecessor compounds was per-
formed employing 1H-NMR and FT-IR spectroscopy. Figure 2 displays the 1H-NMR spectra
of Fib, Fib-NH2, and Fib-g-PAni 1:0.1 (this copolymer was selected because the analogs with
higher PAni contents are not soluble). The three spectra present the characteristic signals of
glycine and serine at 3.4 ppm, and also the signal at 2.10 ppm corresponding to alanine
of the fibroin structure [24]. The Fib-NH2 exhibits a new band at 8.3 ppm, corresponding
to aromatic protons of the 3-aminobenzoate substituent product of Fisher esterification.
Finally, the spectrum of Fib-g-PAni 1:0.1 displays typical signals between 7 and 8 ppm,
corresponding to oligomers or PAni chains, and a new band appears around 3.1 ppm
assigned to serine segments grafted with PAni chains.

The FT-IR spectroscopy complemented the results of 1H-NMR. The degummed Fib
presents the bands reported in the literature [18], see Figure 3. The spectrum shows signals
at 1611 and 1504 cm−1 corresponding to the stretching vibration of the carbonyl group
(C=O) and the bending vibration of the N–H bond of a secondary amine. Both signals are
characteristic of the amide functional group in the Fib. In addition, the stretching vibration
of the C–O bond of the alcohol group of serine and tyrosine is observed at 1234 cm−1 [25].
Compared with the Fib, the spectrum of Fib-NH2 has two new peaks. Specifically, the
stretching vibration corresponding to the ester group (C=O) at 1724 cm−1, and the peak at
1595 cm−1 is assigned to the C=C bond of the aromatic ring of benzoate. The amine (N–H)
vibration shifts to 1515 cm−1. Therefore, Fischer esterification between Fib and 3-amino
benzoic acid was confirmed.

he spectrum of Fib-g-PAni 1:0.5 shows the characteristic signals of the PAni. For
example, the vibrations corresponding to the quinoid and benzenoid rings were observed
at 1588 and 1494 cm−1, respectively. A typical vibration of oxidative polymerization
corresponding to C–N appears at 1304 cm−1. As noted, the peak height of the benzenoid
structure is greater than the band of the quinoid structure, so it can be deduced that the
PAni is in the emeraldine oxidation state [26].

296



Polymers 2022, 14, 4653
Polymers 2022, 14, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 2. Proton NMR spectra (a–c) and zoom (d–f) from 5 to 10 ppm of these spectra. (a,d) Fibroin 
(Fib); (b,e) Fibroin esterified with aminobenzoate (Fib-NH2); (c,f) Fibroin-g-polyaniline (Fib-g-PAni). 

The FT-IR spectroscopy complemented the results of 1H-NMR. The degummed Fib 
presents the bands reported in the literature [18], see Figure 3. The spectrum shows signals 
at 1611 and 1504 cm–1 corresponding to the stretching vibration of the carbonyl group 
(C=O) and the bending vibration of the N–H bond of a secondary amine. Both signals are 
characteristic of the amide functional group in the Fib. In addition, the stretching vibration 
of the C–O bond of the alcohol group of serine and tyrosine is observed at 1234 cm–1 [25]. 
Compared with the Fib, the spectrum of Fib-NH2 has two new peaks. Specifically, the 
stretching vibration corresponding to the ester group (C=O) at 1724 cm–1, and the peak at 
1595 cm–1 is assigned to the C=C bond of the aromatic ring of benzoate. The amine (N–H) 
vibration shifts to 1515 cm–1. Therefore, Fischer esterification between Fib and 3-amino 
benzoic acid was confirmed. 

The spectrum of Fib-g-PAni 1:0.5 shows the characteristic signals of the PAni. For 
example, the vibrations corresponding to the quinoid and benzenoid rings were observed 
at 1588 and 1494 cm–1, respectively. A typical vibration of oxidative polymerization corre-
sponding to C–N appears at 1304 cm–1. As noted, the peak height of the benzenoid struc-
ture is greater than the band of the quinoid structure, so it can be deduced that the PAni 
is in the emeraldine oxidation state [26]. 

Figure 2. Proton NMR spectra (a–c) and zoom (d–f) from 5 to 10 ppm of these spectra. (a,d) Fibroin
(Fib); (b,e) Fibroin esterified with aminobenzoate (Fib-NH2); (c,f) Fibroin-g-polyaniline (Fib-g-PAni).

Polymers 2022, 14, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. FT-IR spectra (a–c) and zoom (d–f) from 1000 to 2000 cm–1 of these spectra. (a,d) Fib, (b,e) 
Fib-NH2, and (c,f) Fib-g-Pani 1:0.5. 

3.2. Optical Activity 
Absorption studies in the UV-Visible range were conducted to understand band 

changes due to Fisher esterification and the formation of benzenoid and quinoid bands 
(oxidative polymerization of PAni). The esterification reaction between aminobenzoic 
acid and Fib produces a band at 292 nm, assigned to the π–π* transition of the aromatic 
ring of the aminobenzoate substituent. The esterification product was employed as graft-
ing points for oxidative polymerization [27]. Nevertheless, the 292 nm band decreased 
after the polymerization process, due to the propagation of PAni chains and the change 
in the conjugation structure, see Figure 4a. 

The Fib-g-PAni copolymers spectra with different mass ratios present different ab-
sorbances due to the formation of PAni chains, see Figure 4b. However, the Fib-g-PAni 
1:0.5 and 1:1 spectra display the quinoid and benzenoid bands at 360 and 543 nm, respec-
tively. The intensity and wavelength of absorption indicate the oxidation state of polyan-
iline (emeraldine base form) [28]. Therefore, a 2:1 ratio of Fib to aniline salt at least is re-
quired to produce PAni chains with a long enough degree of polymerization to produce 
an optical signal. At lower mass ratios only oligomers are produced [29]; nevertheless, 
they do not have the characteristic optical and electronic properties of PAni. 

Figure 3. FT-IR spectra (a–c) and zoom (d–f) from 1000 to 2000 cm−1 of these spectra. (a,d) Fib,
(b,e) Fib-NH2, and (c,f) Fib-g-Pani 1:0.5.

297



Polymers 2022, 14, 4653

3.2. Optical Activity

Absorption studies in the UV-Visible range were conducted to understand band
changes due to Fisher esterification and the formation of benzenoid and quinoid bands
(oxidative polymerization of PAni). The esterification reaction between aminobenzoic acid
and Fib produces a band at 292 nm, assigned to the π–π* transition of the aromatic ring
of the aminobenzoate substituent. The esterification product was employed as grafting
points for oxidative polymerization [27]. Nevertheless, the 292 nm band decreased after
the polymerization process, due to the propagation of PAni chains and the change in the
conjugation structure, see Figure 4a.

The Fib-g-PAni copolymers spectra with different mass ratios present different ab-
sorbances due to the formation of PAni chains, see Figure 4b. However, the Fib-g-PAni 1:0.5
and 1:1 spectra display the quinoid and benzenoid bands at 360 and 543 nm, respectively.
The intensity and wavelength of absorption indicate the oxidation state of polyaniline
(emeraldine base form) [28]. Therefore, a 2:1 ratio of Fib to aniline salt at least is required to
produce PAni chains with a long enough degree of polymerization to produce an optical
signal. At lower mass ratios only oligomers are produced [29]; nevertheless, they do not
have the characteristic optical and electronic properties of PAni.
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3.3. Thermal Stability

The thermal stability of the materials was determined by thermogravimetric analysis.
Figure 5 displays the thermograms and first derivative (DTGA) of Fib, Fib-NH2, and Fib-
g-PAni 1:1 and Fib-g-PAni 1:0.5 copolymers. The Fib presents two stages of weight loss;
the first is at 238 ◦C, and represents 70% of the sample weight. This stage is allocated to
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fragmented Fib chains produced by the degumming process [30]. The second step occurs
at 530 ◦C, attributed to the Fib chain with a high molecular weight [31].

The thermal degradation of Fib-NH2 occurs at two stages, similar to Fib. The first
occurs at 202 ◦C and is assigned to fragments of Fib hydrolyzed during Fisher esterification,
due to the acid-catalyst-produced hydrolysis (chain degradation). This stage represents 80%
of the total weight loss. Furthermore, the second occurs at 638 ◦C, with 20% of weight loss,
corresponding to the Fib which is less hydrolyzed, and esterified with the aniline analog.

Fib-g-PAni 1:0.5 traces present three stages. The first weight loss was observed at
179 ◦C, assigned to organic low molecular weight compounds such as solvent or byproduct
derivatives of one-pot synthesis. The second occurs at 259 ◦C, with a 20% of sample weight
loss, corresponding to Fib chains with low PAni grafting [32]. The third stage occurs
at 532 ◦C, with 80% of weight loss. In contrast to its intermediates, Fib-g-PAni 1:0.5 presents
the main weight loss at around 500 ◦C. Likewise, Fib-g-PAni 1:1 only presents one weight
loss stage, at around 470 ◦C. These findings suggest the thermal degradation of PAni [33–35].
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3.4. Morphology

The morphological changes suffered by the Fib after each consecutive reaction were
studied. Figure 6 illustrates the micrographs of degummed Fib, Fib-NH2, Fib-g-PAni 1:0.5,
and Fib-g-PAni 1:1. The edge of the fibroin exhibits the fibrous nature of the material,
see Figure 6a. The magnification of the image (inner box) illustrates this structure more
evidently [36]. A change in morphology is evident when comparing Fib and Fib-NH2,
see Figure 6b. In addition, the fibrous nature of the Fib disappears, suggesting that the
incorporation of 3-aminobenzoic acid significantly alters the molecular arrangement [14].

Figure 6c,d correspond to the Fib-g-PAni samples with a mass ratio of 1:0.5 and 1:1,
respectively. As noted, the PAni graft again produced important modifications on the
Fib. The copolymers present particulate and globular structures for Fib-g-PAni 1:1 and
Fib-g-PAni 1:0.5, respectively. The Fib-g-PAni 1:0.5 copolymer still retains a certain cohesion
of the material; however, the aforementioned globular structure is perfectly observed under
magnification. On the contrary, the Fib-g-PAni 1:1 copolymer has developed, to a greater
extent, a particulate structure, and it is observed even in the magnification that the globular
structures have, in turn, an internal structure.
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Figure 6. Micrographs of (a) Fib, (b) Fib-NH2, (c) Fib-g-PAni 1:0.5 and (d) Fib-g-PAni 1:1.

3.5. Electroactivity

To corroborate the electrochemical activity of the graft copolymers, cyclic voltammetry
tests were carried out. Figure 7a shows the voltammograms of the Fib-g-PAni copolymers
run in 0.5 M sulfuric acid electrolyte. Both graphs display the oxidation and reduction
signals that the polyanilines regularly exhibit [37]. For example, for Fib-g-PAni 1:1, the first
peak corresponds to the leucoemeraldine-emeraldine transition at 0.31 V (vs. Ag/AgCl).
With the mass ratio of 1:0.5, the signal appears at 0.2 V (vs. Ag/AgCl). This difference
could be due to the interaction between PAni and Fib or the degree of polymerization of
PAni [38]. The second signal, corresponding to the emeraldine–pernigraniline transition,
appears at 0.73 V (vs. Ag/AgCl) in both cases. The location of the signals is evidence of the
electroactivity of the graft copolymers, which corroborates the results of the UV-vis study.

It is important to note that there are differences in electroactive properties between a
physical mixture and a graft copolymer architecture. Figure 7b compares a physical blend
of PAni-Fib, and the copolymer graft (Fib-g-PAni 1:1). It is noted that the intensity of peaks
in the physical blend is significantly higher than the grafted copolymer. Thus, its general
behavior is similar to conventional PAni, which indicates that interaction between Fib and
PAni is only physical, and that the PAni in the blend has a higher molecular weight.

It is worth noting that in the graft PAni copolymers, the conjugation present in the
conductive chain is not interrupted, which does not modify the electrochemical prop-erties
of PAni, which is different to other copolymer systems [8]. Furthermore, the electrochemical
activity of PAni will depend on the polymerization process, dopant agent, and interaction
with other polymers [38–40].
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3.6. Cytotoxicity

It is well known that Fib displays biocompatibility properties, slow biodegradability,
and low cytotoxicity [41]. Nevertheless, these properties are not extrapolated to structural
modification and composites derived from Fib. For this reason, the cytotoxicity of Fib-
g-PAni (1:1 and 1:05), Fib-NH2, and PAni were evaluated with NIH/3T3 fibroblast cells,
measured at 24 h using the MTT assay [42], see Figure 8. The time for cell-tested viability
was selected as the first approach. The use of fibroblasts is because they are the main active
cells of connecting tissue, and are commonly used as models for viability/toxicity studies.
In addition, the fibroblast presents an improved proliferation in the presence of Fib [43]. It
is important to note that the concentrations used were established based on the content of
PAni reported by previous research. For example, the PAni cytotoxicity results for fibroblast
NIH/3T3 cells [44] and macrophage cells [45] are similar to previous works.
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differences in PAni toxicity could be associated with the composition and morphology of
PAni. Fib-NH2 presents a severe cytotoxicity event at 0.33 mg/mL, due to the substituted
aniline, which could react with the cells.

Fib-g-PAni 1:1 and Fib-g-PAni 1:0.5 showed a similar pattern with content-dependent
cytotoxicity, except at the lowest content (0.1 mg/mL), where moderate toxicity was noted.
This result could be explained by the excellent dispersion of PAni under this condition,
favoring a closer interaction with cells. From 0.5 to 2 mg/mL of the Fib-g-PAni copolymers,
no toxicity or mild toxicity was noted, and at 4 mg/mL, moderate toxicity was observed.
The low cytotoxic effect of the copolymers contrasted with the highly marked cytotoxic
effect of Fib-NH2 and PAni.

Generally, the Fib-g-PAni from 0.5 to 2 mg/mL could be considered biocompatible with
cells. The Fib-g-PAni 1:1 presents higher cellular viability; these results are attributed to the
fact that at lower contents, the interaction and probable internalization in cells is favored,
which could be toxic for the cells; however, at higher contents, the molecules agglomerate,
reducing the interaction with cells [46]. These results correspond to a comparable copolymer
of Fib/PAni core/shell coaxial fiber-type, which exhibited good biocompatibility, cell
attachment, and proliferation of L929 fibroblast cells [47]. Consequently, based on the
results, the copolymers could be a promising material for biomedical applications.

4. Conclusions

Silk fibroin modification was performed through one-pot synthesis with 3-aminobenzoic
acid esterification and subsequently with polyaniline grafting by oxidative polymerization.
The one-pot methodology for grafting PAni chains onto fibroin structure provides a syn-
thetic method that is easy to scale. The morphological study showed that each modification
process changes the material structure, which was also reflected in the chemical structure
and thermal stability. The silk fibroin:polyaniline mass ratio also showed a significant
effect, mainly in optical properties and electroactivity. These differences are related to a
higher degree of polymerization resulting from a higher polyaniline content, accentuating
both properties. As a first approach, the cytotoxicity results for copolymers are promising;
nevertheless, more experiments will be carried out, e.g., increasing the exposure time of
fibroblasts to the copolymers, and increasing the concentration, among others. Based on the
results of this research and the already known properties of fibroin, it can be expected that
the graft copolymer is suitable as a biocompatible platform for developing electrochemical
sensors that can be in contact with living tissue.
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Abstract: With increasing environmental awareness, lignin will play a key role in the transition from
the traditional materials industry towards sustainability and Industry 4.0, boosting the development
of functional eco-friendly composites for future electronic devices. In this work, a detailed study of
the effect of unmodified lignin on 3D printed light-curable acrylic composites was performed up
to 4 wt.%. Lignin ratios below 3 wt.% could be easily and reproducibly printed on a digital light
processing (DLP) printer, maintaining the flexibility and thermal stability of the pristine resin. These
low lignin contents lead to 3D printed composites with smoother surfaces, improved hardness (Shore
A increase ~5%), and higher wettability (contact angles decrease ~19.5%). Finally, 1 wt.% lignin
was added into 3D printed acrylic resins containing 5 wt.% p-toluensulfonic doped polyaniline
(pTSA-PANI). The lignin/pTSA-PANI/acrylic composite showed a clear improvement in the disper-
sion of the conductive filler, reducing the average surface roughness (Ra) by 61% and increasing the
electrical conductivity by an order of magnitude (up to 10−6 S cm−1) compared to lignin free PANI
composites. Thus, incorporating organosolv lignin from wood industry wastes as raw material into
3D printed photocurable resins represents a simple, low-cost potential application for the design of
novel high-valued, bio-based products.
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1. Introduction

The development of 3D printing technologies requires new materials that are envi-
ronmentally friendly and able to provide new features, specifically to increase the range
of applications of vat polymerization-based techniques [1–3]. New 3D printing technolo-
gies are becoming important as production models in the frame of Industry 4.0 and the
Internet of Things [4,5]. Stereolithography (SLA) and digital light processing (DLP) are vat
polymerization printing techniques based on the use of UV-light to solidify a liquid resin
layer-by-layer [6]. To achieve successful printing, the photo-rheological and mechanical
properties of the multicomponent resins need to be adjusted [7]. These photosensitive
resins are complex mixtures of a photoinitiator, monomers, oligomers, and other additives
intended to tune their properties [6].

In this context, lignin can play an important role in the development of new resin
formulations as the second most abundant natural polymer on the planet, low cost, and re-
newable [8–10]. Most lignin is obtained as a by-product of the wood industry and valorized
energetically as a fuel. With increasing environmental awareness and the circular economy,
the use of lignin has been reconsidered to look for its application in high-valued bio-based
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products [11–13]. Lignin is a reticular polyphenolic polymer with a three-dimensional
structure of high structural complexity, amorphous, and very heterogeneous. Its structure
and final properties are directly related to both its natural origin and the treatment followed
for its extraction and purification, such as organosolv, soda, or kraft process [10,14]. Within
polymers, lignin has a wide range of applications such as additive to enhance their me-
chanical behavior (hardness, elasticity and tensile strength), provide antioxidant properties,
tune the surface wettability, improve biodegradability [14], or as compatibilizer in polymer
composites [15].

In the field of electronics, lignin has been widely investigated [11,12,16–22] for the
manufacture of energy storage devices [22], electromagnetic shielding [16,17], organic cath-
odes [11], as a natural binder or even as a dopant in conductive polymers for the production
of electrochemical capacitors or supercapacitors [12,18–21]. Due to the redox activity of the
quinone/hydroquinone moieties, lignin derivatives effectively enhanced the capacitance of
intrinsically conductive polymers, including poly(3,4-ethylenedioxythiophene), polypyr-
role, and polyaniline (PANI) [23] as well as carbon-based materials such as graphene [19].
Sulfomethylated lignin has been shown to effectively dope PANI and increase the conduc-
tivity and dispersibility of lignin/PANI composites in water [24].

In this context, future electronic devices could provide great benefits from the syner-
gistic combination of AM techniques and green chemistry, delivering a wider range of 3D
printed polymer composites with improved electrochemical performance and enhanced
physicochemical properties. Nowadays, although lignin has been employed in a variety of
3D printing applications, its use in vat polymerization is still scarce [7,25].

In order to add lignin in SLA/DLP resins two strategies have been investigated:
directly mixing unmodified lignin and functionalized bulk lignin with the photoreactive
monomers formulation. The blending of unmodified kraft lignin with methacrylate resin
improved the mechanical properties of the printed samples to a limited extent, as amounts
higher than 1% lignin seriously hindered the crosslinking reaction [26]. Further, the ability
of small organosolv lignin loadings as a compatibilizer for graphene nanoplatelets (G)
has been positively proven in the mechanical properties enhancement of photocurable
polyurethane–Lignin/G [27]. On the other hand, Sutton et al. [28] incorporated up to
15 wt.% of organosolv lignin functionalized with methacrylic anhydride in a commercial
SLA resin, increasing the ductility of the materials due to the plasticizing effect of the lignin
side chains [28].

In a previous work, the authors developed a formulation based on the conductive filler
PANI-lignin in a photocurable acrylic matrix, which proved to be valid for the manufacture
of flexible wearable electronics and sensors [23]. The present research is focused on the
incorporation of unmodified organosolv lignin as an additive to the photocurable resin.
The purpose is to deepen the composite behavior and explore other potential applications
of lignin in the manufacture of functional materials, such as the dispersant of conductive
fillers in composites for electronic devices. We present a study of the structure-property
relationship of 3D printed composites based on organosolv lignin isolated from Betula alba
bark and a home-made photocurable acrylic matrix. Lignin was used as a non-reactive
filler without any further chemical modification.

In a preliminary stage, the resin curing properties were assessed through viscosity
measurements, real-time Fourier transform infrared spectroscopy, and the Jacob’s working
curve approach. Then, the 3D printed lignin composites were thoroughly characterized by
SEM, FTIR, TGA, tensile properties, Shore D hardness, and water contact angle. As way
of example, the combination of lignin and para-toluene sulfonic acid doped polyaniline
(pTSA-PANI) lead to an improvement of the filler dispersion within the acrylic matrix,
resulting in more homogeneous samples with lower surface roughness and enhanced
electrical conductivity.
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2. Experimental Section/Methods
2.1. Materials and Samples Preparation

Aniline (ANI, 99.5%) and para-toluene sulfonic acid (pTSA, 98%) were supplied by
Sigma-Aldrich (St. Louis, MO, USA) and ammonium persulfate (APS, 99%) was obtained
from Acros (Geel, Belgium). Monomer, crosslinker and photoinitiator were ethylene glycol
phenyl ether acrylate (EGPEA, molecular weight = 192.21 g/mol), 1,6-hexanediol diacry-
late (HDODA, molecular weight = 226.27 g/mol), and diphenyl (2,4,6-trimethylbenzoyl)
phosphine oxide (TPO, molecular weight = 348.37 g/mol), respectively; they were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Acetone, chloroform, glycerin, methanol and
2-propanol were purchased from Scharlau (Sentmenat, Spain).

Preparation of Lignin. Lignin was extracted from Betula Alba bark by organosolv
fractionation using as a solvent acetic acid and hydrochloric acid, as described in a previous
reference [23]. The obtained lignin was lyophilized before its use.

The characterization of the molecular weight distribution of lignin was performed
by gel permeation chromatography (GPC). A Waters 2695 system (Waters, Mildford,
MA, USA) was used, equipped with two linear columns (Styragel 4E and Styragel HR3,
4.6 × 300 mm) and an ultraviolet diode array detector (PDA, model 996 UV); the tempera-
ture of the column was 35 ◦C and the mobile phase tetrahydrofuran (THF) at 0.3 mL min−1.
A calibration curve obtained with polystyrene standards in the range 580 to 93,800 Da was
used (220 nm). Samples of lignin were dissolved in the mobile phase with a concentra-
tion of 1000 mg/L by gently stirring the samples up to 24 h. The values obtained were
Mw = 2115, Mn = 924 and polydispersity = 2.3 (average of 3 replicates).

PANI synthesis. PANI was synthesized adapting the emulsion polymerization method
described by Dopico et al. for the synthesis of PANI doped with dodecyl benzenesulfonic
acid (DBSA-PANI) in a mixture of water and chloroform, changing the dopant to pTSA [29].
Aniline hydrochloride (2 mL, 1.88 g) was dissolved in 200 mL chloroform. The oxidant
ammonium peroxydisulfate (APS, 4.5 g) and para-toluene sulfonic acid (pTSA, 11.4 g)
were dissolved in 100 mL water. The polymerization reaction was initiated by adding
dropwise the aqueous solution to the aniline solution and allowed to proceed for 24 h
under mechanic stirring (150 rpm) and low temperature (<6 ◦C). The resulting product
was collected through precipitation with methanol and acetone and filtered under vacuum.
pTSA doped polyaniline (pTSA-PANI) was obtained as a very dark green powder after
drying during 24 h at 40 ◦C in a vacuum oven. The yield recovered was 2.39 g. The
elemental analysis of pTSA-PANI was performed in duplicate on a ThermoFinnigan Flash
EA1112 analyzer. The average result was: 8.34 wt.% N; 51.74% C; 4.74% H; 9.52% S.

Preparation and printing of the composites. Samples were formulated taking as refer-
ence the base resin of previous studies [30,31]. Fixed quantities of the HDODA crosslinker
(15 wt.%) and the TPO photoinitiator (7 wt.%) were mixed with the EGPEA, as a major
monomer. Increasing amounts of unmodified lignin were then added. The formulations of
the lignin 3D printing composites analyzed in this investigation are presented in Table 1. In
order to evaluate the effect of lignin as a dispersant of conductive charges in functional ma-
terials, two additional formulations were prepared using 5 wt.% pTSA-PANI with 1 wt.%
lignin (LG1PANI5) and without lignin (LG0PANI5) as a control.
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Table 1. Samples formulation, 3D printer exposure times, viscosity at 1 s−1, maximum rate
of polymerization, and ultimate degree of conversion at 9 mW cm−2 obtained from Real-Time
ATR-FTIR spectroscopy.

Sample Lignin
(wt.%)

Exposure
Time

(s)

Bottom
Exposure

(s)

Viscosity
(Pa.s)
1 s−1

Induction
Period (s)

Max. Rate of
Polymerization
(mol L−1 s−1)

Ultimate
DBC∞ (%)

LG0 0 1 15 0.011 <8 62.0 ± 0.6 98.0 ± 0.2
LG05 0.5 2 15 0.019 <8 17.9 ± 2.4 97.9 ± 1.6
LG1 1 2.5 20 0.026 24 ± 7 5.8 ± 1.8 94.4 ± 0.1
LG2 2 5 30 0.056 32 ± 13 1.9 ± 0.5 95.3 ± 0.5
LG3 3 20 50 0.060 38 ± 4 1.9 ± 0.1 94.8 ± 2.0
LG35 3.5 30 75 0.064 - - -
LG4 4 35 90 0.072 - * 0.9 ± 0.2 79.0 ± 11.0

* Not possible accurate determination.

To promote homogeneous dispersion each sample formulation was sonicated during
30 min using a Digital Sonifier at 10% of intensity (Branson 450, Danbury, CT, USA) and
further mechanically stirred in a Vortex mixer for 2 min at 1000 rpm (VELP Scientific,
Schwabach, Germany) just prior printing. The 3D DLP printer was an Elegoo mars PRO
(wavelength 405 nm; 9 mW.cm−2); its settings were adjusted considering the printer
technical requirements and the kinetics of polymerization of the formulations tested. The
exposure time per layer was adjusted for each formulation (Table 1). Bottom exposure
corresponds to the exposure time of the first 5 layers, which is always longer to ensure
suitable adhesion of the sample to the metal platform. The layer thickness (z) was set at
0.025 mm. The printability worsens from 3% lignin composites which can be explained by
their longer curing times and adhesion problems to the printing platform.

The uncured resin remaining in the printed samples was removed by soaking them in
2-propanol for 10 min. A post-curing process was performed using a lamp (Form Cure,
Formlabs) for 5 min at 35 ◦C. The sample characterization was carried out on flexible
dog-bone-shaped specimens according to ISO 527. The preparation of the samples for 3D
printing and an example of the printed samples are shown in Figure 1.
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Figure 1. Diagram of sample preparation.

2.2. Sample Characterization

The viscosity of the acrylic composite formulations was measured using a controlled
strain rheometer (ARES, TA Instruments, Newcastle, DE, USA) with parallel-plate geometry
(25 mm diameter, 1 mm gap) at room temperature. Steady shear viscosity (η) was measured
in the range of shear rates 0.3–100 s−1.

The UV-Vis spectra of 4 different suspensions of lignin and pTSA-PANI in glycerin
(spanning from 50 to 200 ppm) were recorded on a Jasco V-750 double-beam UV-Vis
spectrophotometer (Jasco Analítica S.L., Madrid, Spain) between 330 and 800 nm with a
sampling interval of 1 nm and 25 accumulations.
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The kinetics of the UV-initiated radical polymerization of the acrylic composites with
0, 1, 2, 3, and 4 wt.% lignin were studied in situ by Real Time FTIR spectroscopy (Jasco
4700 spectrometer, Jasco Analítica S.L., Madrid, Spain) in Attenuated Reflectance Mode
(ATR) (MK II Golden GateTM Diamond 45◦ ATR). The details of the full procedure are
included in a previous reference [32]. The analyses were performed in triplicate with a
4 cm−1 resolution between 1800 and 550 cm−1 over 5 scans (6 s). A Visicure 405 nm spot
lamp connected to an LED Spot-Curing System (BlueWave, Dymax Corp., Torrington, CT,
USA), was used to cure the sample from its top side. Bruker OPUS® software version 5.5
(Bruker Española S.A, Madrid, Spain) was employed for the spectra analysis.

The Jacobs working curves of the liquid formulations were calculated from samples
cured over the screen of the 3D printer, varying the exposure times; circular films of 18 mm
in diameter and 1 mm thickness were printed, followed by a clean-up step with 2-propanol.
The thickness of the samples was measured with a thickness DUALSCOPE® MP0R mea-
suring instrument (Fisher) and plotted as a function of Exposure (Emax) (mJ.cm−2). Each
sample was performed in duplicate.

The morphology of lignin and pTSA-PANI was evaluated by Transmission Electron
Microscopy (TEM) (JEOL JEM 1010 (80 KeV), after applying 10 mL of the aqueous powder
dispersions to a copper grid, and by Scanning Electron Microscopy (SEM) (JEOL JSM-7200F
Field Emission Scanning Electron Microscope at an accelerating voltage of 10 kV). Prior to
SEM observation, the samples were sputter-coated with a thin palladium/platinum layer
(Cressintong 208HR). The printed composites were also analyzed by SEM. In this last case,
the specimens were previously broken under cryogenic conditions. Confocal microscopy
was used to determine the surface roughness of the conductive printed composites with
pTSA-PANI, by using a PLu 2300 Sensofar® optical imaging profiler. Images were captured
using an EPI 10×-N objective, a depth resolution of 2 µm, and a lateral resolution of
1 nm. Roughness parameters such as Ra (average roughness), Rv (average maximum valley
depth), and Rp (average maximum peak height) were obtained using SensoMaP 5.0.4
software. At least five measurements were performed for each sample in order to calculate
the average values and standard deviations.

For lignin and pTSA-PANI powders, the FTIR spectra were performed in Potassium
Bromide (KBr) pellets between 4000 and 400 cm−1. The post-cured printed films were
analyzed in ATR mode between 4000 and 550 cm−1 with a 4 cm−1 resolution over 64 scans.
The degree of the acrylate double bond conversion (DBC%) based on Equation (2) was also
calculated. For each sample, the average spectra of three replicates were examined.

Thermogravimetric Analysis (TGA) (TGA 4000—Perkin–Elmer, Waltham, MA, USA)
of the cured films was performed under a nitrogen atmosphere at 50 mL min−1 using
ceramic crucibles (60 µL) as composite holders. The heating rate was 10.0 ± 0.1 ◦C min−1

from 50 up to 700 ◦C.
Tensile stress–strain mechanical properties were characterized using an Instron 5569

universal testing machine (Instron Canton, Norwood, MA, USA). The analysis was performed
using a cross-head speed of 5 mm min−1 until failure, at room temperature. At least five
dog-bone-shaped specimens were tested following ISO 527 (dimensions 75 × 13 × 2 mm;
width of narrow section 5 mm). Measurement of the hardness of the composites with a
Shore “A” Durometer (Durotech M202) was carried out on the dog-bone-shaped specimens
at a distance of ~6 mm from the edge of the material after 15 s of force application. The
measurements were taken at 10 measuring points on each sample and the mean values and
standard deviations were calculated according to ISO 868:2003 [33].

Surface wetting measurements were carried out with a Theta Lite Attention tensometer
(Biolin Scientific, Gothenburg, Sweden) and the software program “One Attention”. The
static water contact angle (θ) formed by a single droplet was measured at least five times on
dry samples using a 4 µL sessile drop of deionized water as test fluid at room temperature
and the average values are reported. Images were recorded every 10 s.

The electrical conductivity (σ) of the samples was calculated from the electrical re-
sistance data by the four-probe method (LORESTA-GP, Mitsubishi Chemical, MCP-T610,
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Tokyo, Japan) at room temperature. For pTSA-PANI, square compression molded pellets of
2.5 cm × 2.5 cm × 0.5 mm were employed. The values reported are the mean of at least
eight readings measured on three different samples.

3. Results
3.1. Prepolymerization Studies

Prior to 3D printing, the effect of lignin on viscosity, UV-spectroscopy, photopolymer-
ization kinetics and the Jacob’s working curves were evaluated, being these parameters
significantly interesting for a DLP process and the quality of printed parts.

3.1.1. Viscosity

Viscosity is one of the parameters to be taken into account to achieve satisfactory
prints. In general, low viscosities are desired to allow the proper coating of the last printed
layer or the surface of the immersive platform [34]. On the contrary, too high a viscosity
means longer exposure times, as well as limited adhesion of layers to each other and to the
printer platform [28,31].

The viscosity values of all liquid formulations as a function of shear rate and Lignin
amount at room temperature are depicted in Figure S1, whereas the viscosities at 1 s−1 are
compiled in Table 1. It is obvious that the higher the lignin content, the greater the viscosity
of the formulations at 1 s−1, since the presence of lignin limits the mobility of the polymer
chains [25,35]. Increased lignin content (0–4 wt. %) raised the viscosity of the polymer from
0.011 Pa s to 0.072 Pa s at 1 s−1. Although the reported viscosities for current commercial
resins are usually higher, in the range of 0.85−4.5 Pa [36], the viscosities of all the lignin
formulations remain low enough to promote the resin layer uniformity in the 3D printer
in use and are comparable to the viscosities of PANI, PANI-Lignin and PANI-MWCNT
formulated with the same base acrylic resin and 3D printed successfully [31,32].

In contrast to the base formulation (LG0), which has Newtonian behavior in the range
between 1 s−1 and 103 s−1, all doped formulations show typical shear thinning behavior at
1 s−1 (Figure S1 and Table 1), in agreement with previous studies on resins incorporating
nanofillers [30,35,37]. This shear thinning behavior can facilitate the spreading of homoge-
neous layers in vat polymerization techniques [38]. Thus, from the viscosities point of view,
the studied formulations are viable for creating any type of design by 3D printing.

3.1.2. UV-Visible and Real Time-FTIR Spectroscopy

The UV–Vis absorption spectra between 330–800 nm of lignin is shown in Figure 2A.
Lignin has absorption bands around 280–300 nm related to the phenolic hydroxyl and
aromatic moieties [39]. The absorptivity value at 405 nm, ε, has been calculated from the
slope of the regression line obtained when plotted, the experimental absorbance values, A,
vs the concentrations of the filler in dispersion, using the Lambert–Beer law (Equation (1))

A = ε × b × c (1)

where b is the length of the UV pathway (1 cm for the cuvettes used) and c is the concen-
trations of the tested fillers. The calculations have been performed on the basis of filler
suspensions, thus the Lambert–Beer law is an approximation since no light scattering effects
have been taken into account. The wavelength 405 nm selected is the critical wavelength
on which the UV lamp of the printer has its highest radiation power. The calculated ε value
is 1.45 g. L−1. cm−1 (r2 = 0.9967). This outcome suggests that UV absorption by lignin
competes with the photoinitiator and hinders the curing process of the dispersions.

310



Polymers 2022, 14, 4164

Polymers 2022, 14, x FOR PEER REVIEW 7 of 23 
 

 

calculated according to Equation (2) [40]. The decrease of the band at 810 cm−1 was nor-
malized to the carbonyl ester stretching band (νC=O) of the resin at 1728 cm−1, using this last 
one as the internal reference; t indicates the time irradiation [40]: DBC% = ሺ𝐴଼ଵ଴ 𝐴ଵ଻ଶ଼⁄ ሻ௧ୀ଴ െ ሺ𝐴଼ଵ଴ 𝐴ଵ଻ଶ଼⁄ ሻ௧ሺ𝐴଼ଵ଴ 𝐴ଵ଻ଶ଼⁄ ሻ௧ୀ଴ ×  100% (2)

Figure 2C shows the conversion curves of DBC% versus irradiation time (s), were 
fitted with the Boltzmann sigmoidal model [41]. Three sections can be observed, corre-
sponding to induction, propagation, and equilibrium or ultimate degree of conversion 
(DBC∞%). The maximum rate of polymerization ሺ𝑅௉ሻ has been calculated by Equation (3) 
for the conversion interval between 25–55% [32,40].  𝑅௉ = ⌈𝑀଴⌉ ሺ𝐴଼ଵ଴ሻ௧ଵ ିሺ𝐴଼ଵ଴ሻ௧ଶ𝑡ଶ െ 𝑡ଵ  (3)

Being ⌈𝑀଴⌉ the initial concentration of acrylate double bonds (5.63 mol l−1 consider-
ing that HDODA is a bi-functional monomer and EGPEA is monofunctional), ሺ𝐴଼ଵ଴ሻ௧ଵ and ሺ𝐴଼ଵ଴ሻ௧ଶ are the areas of the at the irradiation times 𝑡ଵ and 𝑡ଶ, correspond-
ing to 25 and 55% conversion, respectively [32]. 

 
Figure 2. (A) UV-visible absorption spectra of lignin and pTSA-PANI in glycerin at 150 ppm. (B) 
ATR-FTIR spectra of the monomer mixture, pristine acrylic (LG0), LG35, and Lignin. (C) ATR con-
version curves versus irradiation time for acrylic dispersions with 0.5, 1, 2, 3, and 4 wt.% lignin. The 
experimental data (symbols) were fitted with Boltzmann sigmoidal equation (lines) and (D) Jacobs 
working curves showing cure thickness as a function of the natural log of UV dosage for LG1, LG2, 
and LG3 formulations. Linear regressions are depicted. 

The maximum rate of polymerization ሺ𝑅௉ሻ, the induction period and ultimate de-
gree of conversion are shown in Table 1. Longer retardation in polymerization initiation 

Figure 2. (A) UV-visible absorption spectra of lignin and pTSA-PANI in glycerin at 150 ppm.
(B) ATR-FTIR spectra of the monomer mixture, pristine acrylic (LG0), LG35, and Lignin. (C) ATR
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Jacobs working curves showing cure thickness as a function of the natural log of UV dosage for LG1,
LG2, and LG3 formulations. Linear regressions are depicted.

The influence of lignin (0, 0.5, 1, 2, 3, and 4 wt.%) on the photocuring rate of the
acrylate resin has been studied by in situ ATR-FTIR spectroscopy. The bands related
with the C=C double bond of the acrylate groups gradually disappeared, specifically
1636 cm−1 (νC=C, doublet), 1409 cm−1 (in plane deformation, scissoring, δ=CH2), 984 cm−1

and 810 cm−1 (out of plane deformation, δ=CH2) (indicated by arrows in Figure 2B). To
follow the evolution of the polymerization reaction, the degree of double bond conver-
sion (DBC%) was calculated according to Equation (2) [40]. The decrease of the band at
810 cm−1 was normalized to the carbonyl ester stretching band (νC=O) of the resin at
1728 cm−1, using this last one as the internal reference; t indicates the time irradiation [40]:

DBC% =
(A810/A1728)t=0 − (A810/A1728)t

(A810/A1728)t=0
× 100% (2)

Figure 2C shows the conversion curves of DBC% versus irradiation time (s), were fitted
with the Boltzmann sigmoidal model [41]. Three sections can be observed, corresponding
to induction, propagation, and equilibrium or ultimate degree of conversion (DBC∞%).
The maximum rate of polymerization (RP) has been calculated by Equation (3) for the
conversion interval between 25–55% [32,40].

RP = [M0]
(A810)t1 − (A810)t2

t2 − t1
(3)
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Being [M0] the initial concentration of acrylate double bonds (5.63 mol l−1 considering
that HDODA is a bi-functional monomer and EGPEA is monofunctional), (A810)t1 and
(A810)t2 are the areas of the at the irradiation times t1 and t2, corresponding to 25 and 55%
conversion, respectively [32].

The maximum rate of polymerization (RP), the induction period and ultimate degree
of conversion are shown in Table 1. Longer retardation in polymerization initiation and
slightly lower final conversions are seen for lignin contents ≥1 wt.%. Most importantly,
as shown in Figure 2C inset, there is a pronounced exponential decrease in the rate of
photopolymerization (r2 = 0.997) when increasing the filler amount from 0.5 wt.% onwards.
This is an expected behavior, partly due to the absorption of UV light, which competes with
the light adsorption of the photoinitiator. The role of lignin UV blocker is due to the presence
of UV-active functional groups such as C=O and aromatic rings [7,25]. The decrease in
curing kinetics observed for lignin composites could also be related to the reported role of
the phenolic groups of lignin as free radical scavengers and antioxidants [42–44]. On the
contrary, some types of modified lignin have proved to have a certain photoinitiator ability
when adequately combined with an amine co-initiator [39].

3.1.3. Jacobs Working Curves

In this section, the printability of the developed formulations by DLP is evaluated.
Owing to the UV absorption of lignin and its reported effect as a free radical scavenger, the
photopolymerization reaction is hindered, jeopardizing successful printing. To determine
the optimal exposure times for each formulation, Jacobs working curves for LG1, LG2 and
LG3, as well as printing tests, were carried out. Jacob working curves were calculated
according to Equation (4) [45], where Cd is the cured depth (µm), Dp is the penetration
depth (µm) of the light into the resin, Emax is the light irradiation dosage on the surface
(mJ cm−2) and Ec is the critical exposure required for polymerization (mJ cm−2) [32]. As
previously indicated, the light intensity of the 3D printer was 9 mW.cm−2 and the layer
thickness (z) was 25 µm for all samples.

Cd = Dp· ln
(

Emax

Ec

)
(4)

As shown in Figure 2D, the correlation coefficients (R2) of the logarithmic regression
lines were all higher than 0.99. Based on Equation (4), the photosensitive parameters related
with the intrinsic properties of the resin, Ec and Dp, were calculated. For LG1, LG2 and LG3,
the Ec values were 11 mJ.cm−2, 13 mJ.cm−2 and 21 mJ.cm−2 respectively. Regarding the
penetration depth of the resin, the Dp values were 58 µm, 41 µm and 40 µm. As expected,
the general trend is that as the amount of lignin increases, the amount of energy needed to
induce polymerization (Ec) increases, while penetration depth (Dp) decreases.

For lignin contents ≤2 wt.% the critical exposure (Ec) to induce polymerization remains
actually unchanged, whereas it doubles its value for 3 wt.% lignin. Notwithstanding, the
Ec values are in the same range or lower compared to those reported for commercial
nonconductive resins [25,28,36]. The Dp of LG1 (58 µm) lies within the low range of
commercial resins without conductive fillers tested by Bennet et al. (53–568 µm), whereas
Dp values decreased around 31% for 2 and 3 wt.% lignin contents [36]. Low Dp values have
the advantage of allowing accurate control of the polymerization process and minimal over-
cure, although the shortcoming of longer building times [36]. Further, the curing parameters
are similar to those calculated for PANI and PANI MWCNT composites fabricated with the
same acrylic matrix and photoinitiator content [23,31,32].

To ensure that a resin is suitable for a specific printer, it is advisable to calculate the
Cd corresponding to the light source employed from Equation (4) and compare it with
the layer thickness (z) [46]. The layer thickness must be equal to or less than the curing
depth. The exposure times indicated in Table 1 were set based on Dp and Ec values and by
test prints; their corresponding Emax were calculated considering the printer energy used
(9 mW.cm−2). The Cd values for LG1, LG3, and LG3 were 81, 51, 30 µm, respectively. To
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ensure good adhesion between layers, the target is Cd > z, since the stiffness of a polymer
below the gel point would hinder the printing process [31]. In this way, the obtained values
for LG1 and LG2 (Cd = 81 and 51 µm, respectively; z = 25 µm) show that these formulations
are suitable for 3D printing, whereas the printing of LG3 (Cd = 30 µm) has proved difficult
and less reproducible.

3.2. Composites Characterization
3.2.1. Structural Characterization: Morphology and ATR

TEM and SEM imaging were performed to examine the morphology of lignin
(Figures S2A,B and S3A). TEM and SEM images portray an irregular distribution of par-
ticles with a wide range of sizes that consist on aggregates of individual spheres. Figure
S2B shows an isolated sphere of about 200 nm in diameter. These spherical particles
are probably formed of disordered entangled chains that have shrunk into a “collapsed
ball” [21].

The morphological differences between the 3D printed films of pure acrylate resin
and the lignin compounds were further evaluated by SEM. Analysis of the composites
films surfaces (Figure 3) showed polymer-rich surfaces as lignin is not observed in the
images, indicating that the filler is embedded within the resin. Moreover, the surface of
the composite films became smoother upon increasing the lignin loading, with fewer and
shallower scratches visible on the surface, which points to an increase in surface hardness.
The observation of a reduced surface roughness of polymer nanocomposites films with
increased lignin content has been previously reported [15,47].
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(D) LG35 with a magnitude amplification of 500×.

Concerning the cryo-fractured cross-section shown in Figure 4, all the samples showed
the layer stack gaps every ~25 µm, consistent with the layer thickness set at 0.025 mm.
Nevertheless, there are some differences related with the fracture mechanism, the crack
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formation, and propagation. The LG0 sample shows a much smoother cross-section with
several long cracks in accordance with the rubbery nature of the polymer (Figure 4);
opposite to this, the rigid lignin microparticles augment the number of stress concentration
spots, leading to an increasingly uneven and rougher fracture surface for composites with
lignin contents ≥ 2%, as previously reported [26]. This behavior is enhanced by both the
reduction on the UV-photopolymerization rate and the lignin aggregation and uneven
dispersion in the matrix, which leads to increasing gaps and holes (Figure 4C,D insets).
A poor dispersion of the filler will provide more concentrated stress locally, negatively
affecting the mechanical properties of the material [27].
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Figure 4. Representative SEM images of cryo-fractured cross-sections of (A) LG0, (B) LG1, (C) LG2,
and (D) LG35 with magnitude amplification of 500× and 10,000× for the inset.

The KBr FT-IR spectrum of lignin is plotted in Figure 2B in comparison with the ATR
spectra of the liquid monomers mixture, the pristine acrylic matrix, and the composite
LG35. The spectrum of lignin showed typical lignin patterns after organosolv fractionation.
The stretching vibrations of hydroxyl, CH alkane, carbonyl, and typical aromatic skeletal
vibrations were observed at 3425 (νOH), 2936, and 2851 (νC-H), 1734 (νC=O), 1616, 1508,
and 1425 (νC-=C) cm−1, respectively. An absorption at 1463 cm−1 related to C-H bending
vibration (–CH2, –CH3) can be seen. Furthermore, the bands at 1239 and 1044 cm−1 may
be ascribed to the C=O bending and aromatic CH in plane deformation of the guaiacyl
(G) unit, whereas those centered at 1328 and 1117 cm−1 have been assigned to the same
functional groups of the syringyl (S) unit. [16,48,49].

In relation with the pristine acrylic resin, the strongest bands in the spectrum centered
at 1728 and 1156 cm−1, are due to the stretching vibrations of the carbonyl bond (νC=O)
and the asymmetric stretching of the C–O–C bond (νC–O–C), respectively [23]. The presence
of lignin is not detected in the spectra of composites with lignin contents below 3 wt.% due
to the overlapping of most lignin signals with the bands of the acrylic matrix. Nonetheless,
for higher lignin contents, as in the spectrum of LG35 (Figure 2B), the filler can be perceived
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by a slight increase in the absorbance region between 3600–3200 cm−1. Unlike previous
reports, which used higher amounts of unmodified lignin (5 and 10 wt.%) [44], no bands
shifts, or new bands, corresponding to the H-bonding between the acrylic matrix and lignin,
have been detected in the ATR spectra, which is coherent with the observations made by
SEM, suggesting that lignin is mostly embedded within the resin.

The effects of lignin on the degree of monomer conversion (%DBC) of the post-cured
printed films were confirmed by ATR-FTIR. The almost complete disappearance of all the
bands allotted to the C=C double bond of the acrylate groups revealed high degrees of
monomer conversion on both sides of the films, irrespective of lignin loading. Despite the
observed effect on the rate of polymerization, no differences with respect to pristine acrylic
matrix have been found within experimental error (DBC% = 97.5 ± 0.6 and 96.6 ± 0.8 for
LG0 and LG35, respectively). As discussed by previous authors, these results proved the
need and efficiency of the UV post-curing step in completing the photoreaction [26].

3.2.2. Thermal and Mechanical Properties of Printed Composites

The thermal and mechanical behavior of lignin-containing materials is key to ensuring
their processability and good final properties. Lignin can be used in polymers as a stiff filler
with a purpose similar to the role played in plants providing cell wall rigidity. However, the
reinforcing effect of lignin is highly influenced by several factors, such as the lignin source,
content, polymer resin, and the printing techniques used [26] that can even cause undesired
effects. In this way, lignin can worsen the mechanical properties of the polymer due to its
naturally variable composition and irregular structure or introduce heat instability due to
its phenolic moieties [44]. For these reasons, it is important to assess the final properties of
the obtained lignin composites. At first, the thermal stability of lignin, pristine acrylic, and
the printed composites were evaluated by TGA (Figure 5A and Table 2).
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of pure acrylate resin and lignin printed composites (representative curves).

Lignin shows three-step weight-loss behavior. The first loss step below 140 ◦C is at-
tributed to the release of volatile components (2.5 ± 0.2%). Between 146 and 500 ◦C lignin
loses 55.8 ± 0.5% of the initial mass in two thermal degradation processes with maximum
degradation temperatures (Tmax) at 223 and 346 ◦C. The degradation below 400 ◦C is mainly
caused by the fragmentation of the weak inter-unit linkages (β-O-4) [50–52]. The loss of mass
above 500 ◦C can be explained by the decomposition of aromatic rings and the cracking of C–C
linkages [50,51,53], followed by the release of OCH3 groups from aromatic rings [50,54]. After
700 ◦C, there was still a 35.1 ± 0.5% mass attributed to the formation of highly condensed
aromatic structures [51,54].

315



Polymers 2022, 14, 4164

Table 2. Characteristic temperatures measured from TGA thermograms. T10: temperature at which
10% of the total mass is volatilized; Tonset: degradation temperature; DTGmax: maximum of thermal
decomposition temperature; Residue: non-volatized weight fraction at 700 ◦C.

Sample T10
(◦C)

Tonset
(◦C)

DTGmax
(◦C)

Residue
(wt.%)

Lignin 208.2 ± 3.7 176.7 ± 4.0 223 and 346 35.1 ± 0.2

LG0 374.5 ± 0.6 400.0 ± 0.1 426.5 ± 3.5 2.9 ± 0.4

LG05 369.2 ± 0.2 395.6 ± 1.6 420.5 ± 2.1 3.2 ± 0.2

LG1 366.9 ± 1.6 395.5 ± 0.3 421.5 ± 0.7 3.4 ± 0.1

LG2 363.6 ± 0.8 389.4 ± 3.8 419.5 ± 0.7 3.4 ± 0.1

LG3 359.0 ± 0.2 386.5 ± 3.5 419.0 ± 1.4 3.7 ± 0.1

LG35 356.9 ± 0.9 384.8 ± 1.9 420.0 ± 1.4 3.9 ± 0.1

LG4 353.2 ± 3.0 383.8 ± 4.4 419.5 ± 0.7 4.1 ± 0.1

Regarding pure acrylic resin, it shows two-step degradation behavior. The first small
loss step is attributed to the release of volatiles (Tmax = 188 ± 2.8. ◦C, 2.6 wt.%). The scission
of the main polymeric backbone chain occurs within 350–450 ◦C [30,55], leaving a very
small residue at 700 ◦C; therefore, the copolymer can be considered thermally stable up to
350 ◦C.

Concerning 3D printed lignin composites, they all exhibit degradation profiles similar
to that of the pristine acrylic resin. No variation on volatiles evaporation is detected, within
experimental error, confirming the high degrees of conversion observed by ATR and the
efficiency of the post-curing step. Nevertheless, upon increasing the amount of lignin from
0.5 to 4 wt.% T10 and Tonset linearly decrease by about 6 and 4%, respectively (r2 = 0.98 and
0.97). By contrast, although the maximum rate of weight loss temperature (DTG) shifted
from 426.5 ◦C for the neat acrylic resin to 420.5 ◦C for lignin contents of 0.5% wt.%, the
addition of higher amounts of lignin does not lead to further changes. Finally, a small
increase in weight residue is observed upon increasing lignin content. The small changes
in thermal behavior are coherent with the lower thermal stability of the lignin compared
with the acrylic matrix [56] and with the absence of interactions between the matrix and
lignin. At any rate, all composites are thermally stable up to 300 ◦C.

Lignin has been investigated as reinforcement in the field of 3D printing to enhance
the mechanical properties of the printed materials, although the reinforcing effect of lignin
greatly differs depending on the lignin source, content, polymer resin, the printing tech-
niques, and the post-curing step [26,28,56], as previously indicated. To evaluate the me-
chanical properties of the composites, surface hardness (Shore A) and uniaxial tensile tests
till rupture were performed according to ISO 868 and 527, respectively. The stress–strain
curves are plotted in Figure 5B and the calculated modulus, stress at break, and elongation
at break are shown in Table 3.

Table 3. Influence of lignin content on the mechanical properties of the printed films: Shore A
hardness and tensile test parameters (E = Young’s modulus, σ = stress at break, and ε = elongation at
break).

Sample Hardness
Shore A (◦Sh) E (MPa) σ (MPa) ε (%)

LG0 78.3 ± 1.5 4.5 ± 0.3 1.58 ± 0.26 40.6 ± 5.1
LG05 78.8 ± 0.6 4.2 ± 0.2 1.60 ± 0.10 43.9 ± 2.2
LG1 78.0 ± 1.1 3.9 ± 0.3 1.30 ± 0.13 37.9 ± 2.1
LG2 77.7 ± 1.6 4.3 ± 0.1 1.71 ± 0.11 44.13 ± 2.4
LG3 80.9 ± 1.3 5.4 ± 0.4 1.49 ± 0.20 36.1 ± 5.8

LG35 81.6 ± 0.8 5.77 ± 0.4 1.02 ± 0.30 29.2 ± 9.0
LG4 82.2 ± 1.2 6.4 ± 0.6 1.29 ± 0.30 30.4 ± 8.0
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The addition of low values of lignin does not modify the hardness of the acrylic resin,
whereas a small increase (~5%) is detected for composites with lignin contents ≥3 wt.%.
This small effect of unmodified lignin on the hardness of rubbery resins can be expected
due to the lignin stiffness, which is higher than that of the rubbery matrix and the lack of
interaction between lignin and the resin [57].

No variations in tensile parameters are detected with respect to LG0 samples at low
lignin values (≤2 wt.%) within experimental error. For the tensile modulus results, a
similar trend as hardness outcomes is appreciated. The small increase in tensile modulus
for lignin contents ≥ 3 wt.% has been attributed by some authors to the rigid phenolic
units in lignin [26]. At the same time, a reduction around 25–28% on the elongation is
revealed. This diminution is explained by the stiffness increase together with the lack of
strong interaction between lignin and the matrix. The stress is not transmitted from the
polymer matrix to the filler and vice versa, so the material breaks more easily [27,57]. For
the tensile strength, although the variations detected for lignin values of 3.5 and 4% fall
within experimental error, the observed trend is in agreement with previous publications
explaining that reduction at higher loadings may be due to imperfect curing caused by
lignin aggregation and uneven dispersion within the acrylic matrix, producing gaps and
holes in the composites [56], which can be perceived in the SEM pictures of Figure 4D inset.

3.2.3. Contact Angles (CA)

There are relatively few publications regarding the wettability of additively man-
ufactured materials. Depending on the production process as well as on the chemical
composition, specifically the effect of additives, materials can differ in their surface mor-
phology and consequently in their CAs [58]. The influence of lignin on the average water
contact angles of printed composites is displayed in Figure 6. The contact angle for the
control sample (86.6◦ ± 0.6) showed a rather hydrophobic nature, which agrees with
that reported in the literature for acrylic rubbers with contact angles ranging between
78–89◦ [59,60]; the contact angle decreases slightly for lignin contents of 0.5 wt.%. and
stabilizes at 70◦ ± 2 for lignin contents ≥ 1 wt.%. The reason may be dual. On the one
hand, lignin possesses polar and hydrophilic groups (carboxyl, phenols. . . ), therefore, more
hydrophilic groups are distributed on the surface, which reduce the interfacial tension and
increase its hydrophilic character, as has been reported for different polymer matrices [61]
of hydrophobic nature. On the other hand, surface roughness slightly decreases with lignin
content, as shown in Figure 3. Opposite to this, lignin confers a hydrophobic character on
composites based on more hydrophilic resins like polylactic (PLA) or polyhydrobutyrate
(PHB [62]), indicating that surface properties can be widely tuned with lignin.

This decrease in contact angle with small lignin contents may contribute to improving
the impression because the resin wets the surface of the platform and the anterior layer
better. Further, it facilitates subsequent painting, if necessary, for finishing the part. It has
been postulated that adequate surface wettability can aid in the production of 3D printed
elements for applications involving interactions with fluids, such as antistatic coatings,
electrochemical sensors, microfluidic devices, among others [60].

3.3. Use of Lignin as Dispersant of Conductive Fillers

With the aim of evaluating the potential application of lignin for the manufacture of
functional materials, the filler dispersing effect of lignin in conductive matrices has been
evaluated in this section. For this purpose, two photocurable acrylic formulations with
5 wt.% conductive filler pTSA-PANI have been developed. To one of these formulations,
1 wt.% lignin has been added (LG1PANI5) to assess the potential improvement of its
properties compared with those of the lignin-free reference (LG0PANI5).
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3.3.1. pTSA-PANI Characterization

At first, the properties of pTSA-PANI were characterized by TEM, SEM, UV-vis spec-
troscopy, FTIR, elemental analysis and electrical conductivity. Regarding the morphology,
neat pTSA-PANI consists of long fibrillar chains (≈ 0.03–0.05 × 1.0–1.5 µm) partially
surrounded by short nanosized granular structures with a great tendency to aggregate
(Figure S2C,D). The aggregation of the fibrillar and granular structures leads to the forma-
tion of flat platelets interwoven by individual fibrillar chains (Figure S3B). The hollow-tube
morphology described by Khalid et al. for PANI-PTSA is not perceived [63]. The key factor
that determines the pTSA-PANI structure is the acid dopant:aniline ratio. As a general rule,
the fibrous structure of pTSA-PANI, favorable for high conductivity, has been described
for high acid dopant: aniline ratios, as is the present case; by contrast, lower acid dopant
concentration leads to coral-like structures. Nevertheless, when the volume of the acid
anion is large, as is the case for pTSA, the slower movement of molecules decreases the
doping rate, which is responsible for the decrease of pTSA-PANI fiber structure [64] and
the observed mixed morphology.

Both the UV-visible (Figure 2A) and FTIR spectra (Figure 7) confirm that the synthe-
sized pTSA-PANI is in the protonated doped state. The UV-Vis spectra of pTSA-PANI
dispersed in glycerin shows a band between 330–800 nm centered at 450 nm and the
upward slope of a band located above 800 nm. These features are in accordance with
previous literature that describes for pTSA-PANI 2 peaks in the same range at 433 and
800 nm, assigned to the shift from polaron to π* band and from π to polaron band of
the doped pTSA-PANI chains, respectively [65,66]. By contrast, Beygisangchin et al. re-
ported the maxima of these bands at neatly lower wavelengths, 321 and 578 nm, respec-
tively [66]. The absorptivity coefficient at 405 nm was calculated in a similar way to lignin, as
1.03 g L−1 cm−1 (r2 = 0.9656). It was slightly lower than the value obtained for lignin, so a
similar hindering of the curing process of the resin is expected.
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and LG1PANI5.

All the characteristic peaks of -PANI plus those of the dopant, p-Toluensulfonic
acid, are observed in the FTIR spectrum of d pTSA-PANI (described in detail in the
Supplementary file) [63,67]. The oxidation state of the polymer was calculated through the
intensity ratio of the Q/B absorption bands (IQ/IB) at 1561 cm−1 (Quinoid rings, Q) and
1467 cm−1 (Benzenoid rings, B); the emeraldine type structure corresponds to a value of
1.0. Oxidation mostly depends on the oxidant concentration and the pH of the reaction
medium [68]. The IQ/IB ratio, 0.82 ± 0.03, is somewhat lower but still close to unity
and similar to that obtained for PANI-DBSA synthesized under the same conditions [29].
The intrinsic oxidation of pTSA-PANI is an important feature as the quinoid imines are
preferentially protonated in the protonic acid doping. The level of doping when sulfonic
acids are employed can be calculated from the elemental analysis. Hence, the S/N bulk
atomic ratio derived from the elemental analysis data, 0.50, agrees with a high doping
level [69,70].

The electrical conductivity of pTSA-PANI filler was on average 7.6 ± 0.5 S. cm−1,
which is in the range of good semiconductors and is a result of the fibrous morphology,
the high doping level, and the oxidation state. This conductivity is similar to the values
of PANI-HCl previously obtained by this research group [31] and lies within the range of
several reported pTSA-PANIs synthesized by oxidative polymerization with conductivities
spanning from 1.46 to 34.8 S. cm−1 [63,66,71,72]; by contrast, the electrical conductivity is
2 orders of magnitude higher than pTSA-PANI obtained by redoping [73].

3.3.2. Characterization of Printed pTSA-PANI Composites

Figure 8A,B depicts the physical appearance of the two pTSA-PANI printed films. As
evident from the photographs, LG1PANI5 shows a homogenous shiny surface in contrast to
the uneven matte surface with pTSA-PANI lumps protruding from the lignin-free sample.
The smoother morphology and more uniform distribution of pTSA-PANI aggregates in the
presence of 1 wt.%. lignin is confirmed by confocal microscopy. As can be appreciated in
Figure 8C,D, the relatively small pTSA-PANI clusters, evenly distributed on the surface of
L1PANI5, contrast with the presence of large lumps in the lignin-free film; as a result, all
the roughness parameters are clearly lower for the LG1PANI5 sample (Table 4). Its average
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surface roughness (Ra) decreases by 61% compared to that of LG0PANI5 film, suggesting
a clear improvement in the dispersion of the fillers by incorporating lignin. Regarding
the Rv and Rp parameters, a decrease of 60% is observed in Rv of LG1PANI5 compared
with LG0PANI5, while for Rp, this decrease is 29%. This parameter presents a relatively
high standard deviation which can be associated with the presence of scratches, cracks and
irregularities unevenly distributed across and throughout the surface; the scratches are due
to low surface hardness and the pTSA-PANI clusters to poor dispersion of the conductive
filler within the acrylic matrix. These results agree with those reported by Yang et al. [24]
concerning the surface morphologies of different PANI-lignin films, spin-coated on ITO
substrates. They observed by AFM smoother and more uniform surfaces in comparison
with pure PANI. These smoother surfaces were attributed to the better dispersibility [24].
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Figure 8. Digital pictures of printed films of (A) LG1PANI5 and (B) LG0PANI5 and representative
confocal microscope images of (C) LG1PANI5 and (D) LG0PANI5.

Table 4. Ra (roughness average), Rv (average max roughness valley depth), and Rp (average max
roughness peak height) of the pTSA-PANI acrylic composites.

Sample Ra Rv Rp

PANI5LG0 3.6 ± 0.5 80.1 ± 9.9 72.5 ± 16.3
PANI5LG1 1.4 ± 0.2 32.2 ± 6.2 51.5 ± 26.5

Ra value indicates the absolute values of the profile heights over the evaluation
length, Rp the height of the main peak structures. and Rv estimates the average depths of
the fissures.

To further monitor the dispersion condition of PANI in the acrylic matrix, the mor-
phologies LG0PANI and LG1PANI are assessed by SEM. The surface morphologies are
consistent with the physical appearances and images were taken by confocal microscopy.
In relation with the cryo-fractured cross-section of both films (Figure S5), the horizontal
lines corresponding to the individual printing layers are perceived together with phase
separation, as great PANI agglomerates lodged in cavities, completely detached from the
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matrix, are observed. These images prove the little interaction between the acrylic matrix
and the conductive charge in the absence of lignin, whereas the addition of lignin improves
the embedding of PANI in the matrix, as shown in more detail in Figure S6. Further, there
are also some differences related to the fraction mechanism, as the crack’s formation and
propagation are greater in LG1PANI5 with respect LG0PANI5 or even LG2 and similar
to LG3.

From another point of view, the contact angles were also determined in order to deepen
the knowledge about surface properties and their ability to create new interfaces (Figure 6),
LG0PTSA 5 and LG1PTSA5 3D printed film’s contact angles were (63.90◦ ± 2.64) and
(61.70◦ ± 2.90), respectively. No differences are found between them within experimental
error (Student test, p > 0.05), although both surfaces are more hydrophilic than the neat
acrylic resin (86.60◦ ± 0.60) and LG1 (69.92◦ ± 2.00). The decrease in contact angles com-
pared to the neat resin is due to the more hydrophilic nature of PANI salts and the presence
of amine groups in its structure, although the contact angles ultimately depend on the
dopant used [74]. Contact angles of 69.9◦ ± 1.7 have been reported for polymer membranes
coated with pTSA-PANI [75]. The higher hydrophilicity provided by PANI compared
to lignin explains why no differences are observed between the two PANI composites.
Further, the difference in surface roughness between LG0PTSA5 AND LG1PTSA5 is not
reflected in the contact angles, probably due to the relatively high experimental error in
the measurement. At any rate, these outcomes support the good wetting properties of
both composites.

Regarding the ATR spectra of the composites, L0PANI5 and L1PANIT 5, in Figure 7
the specific bands of PANI and lignin are not clearly identified on the printed surface,
as the spectra of both composites are practically superimposable to that of the pure
resin, indicating that fillers are mostly embedded within the resin. Nevertheless, a de-
tailed observation allows perceiving minor increases in the absorbance region between
3400–3200 cm−1, corresponding to the stretching vibrations of the NH groups of PANI and
the OH groups of lignin and a small shoulder at around 1688 cm−1, which may be related
to the stretching of the C=O groups of the acrylic resin H-bonded with PANI. Further, a
small band is distinguished at 1640 cm−1 (C=C stretching region of aromatic rings present
in the acid dopant (pTSA)). These changes are more noticeable in the composite without
lignin (L0PANI5), where an additional band at 1540 cm−1 (Q band of PANI) is observed.

The influence of 5 wt.% pTSA-PANI without o with 1 wt.% lignin on the degree of
monomer conversion (DBC∞%) of the post-cured printed films was studied. The DBC∞%
values of the composites showed no differences between them, within experimental er-
ror, but were ~3–4% lower than the DBC∞% of the pristine resin (DBC%: 97.5 ± 0.6,
93.8 ± 4.8 and 94.3 ± 2.8 for LG0, L0PANI5 and L1PANI5, respectively). These are expected
results similar to those obtained in previous works for composites of the same acrylic
matrix [23,31] filled with similar contents of PANI-HCl, and are explained by the relatively
high absorptivity value of pTSA-PANI at 405 nm, which strongly competes with the light
adsorption of the photoinitiator. Besides, the standard deviations of these values are greater
in the composites than in the reference sample due to poor filler dispersion and is worse
in the composite without 1wt.% lignin. This outcome agrees with the results of confocal
microscopy showing the better inclusion of PANI aggregates within the resin in LG1PANI5.

Last but not least, the electrical conductivity of the neat acrylic resin is lower than
1.0 × 10−8 S cm−1, which is the limit of detection of the instrument. The conductivity
increased with the inclusion of 5 wt.% pTSA-PANI up to (1.7 ± 0.1) × 10−7 S cm−1. When
1 wt.% Lignin is added to the formulation with 5 wt.% pTSA-PANI (PANI5LG1), the
conductivity increases by an order of magnitude to (1.6 ± 0.1) × 10−6 S cm−1, suggesting a
small enhancement in the electrical properties of the ternary composites. These results agree
with confocal microscopy images, since the presence of lignin suggests an improvement
of the filler dispersion in the matrix, which translates into the existence of a continuous
network of pTSA-PANI across the insulating acrylic matrix. Henceforth, these values are
in the range of semiconductors. Similar conductivity on the order of 10−6 S cm−1 was
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previously achieved by conductive composites based on photocurable epoxy resins doped
with 15 wt.% pTSA-PANI [76,77]. Regarding the incorporation of PANI as conductive filler
in photocurable resins, very few studies exist, and the results obtained show medium–low
conductivity values. Table 5 summarizes the main recent research on light-curable 3D
printed resins with electrical properties based on PANI. Although PANI/MWCNT has
been extensively studied in the field of electronics, only one previous research used this
filler in a photocurable resin for SLA/DLP.

Table 5. Recent research on light-curable 3D printed resins with electrical properties based on PANI.

Printing Technique Filler Loading
(wt.%) Base Matrix Conductivity

(S cm−1) Ref

DLP graphene
sheets/PANI 1.2/5 Polyacrylate resin 4.0 × 10−9 [78]

DLP PANI 5 Polyacrylate resin 1.0 × 10−10 [78]
DLP PANI 6 Polyurethane 9.3 × 10−7 [79]
DLP PANI 3 Acrylic resin 2.2 × 10−5 [31]
DLP PANI/MWCNT 2 Acrylic resin 7.4 × 10−4 [32]
DLP pTSA-PANI 5 Acrylic resin 1.7 × 10−7 Present work

DLP pTSA-
PANI/LIGNIN 5/1 Acrylic resin 1.6 × 10−6 Present work

In contrast, as far as the authors are concerned, there are no data on electrical conductivity
of DLP 3D printed composites using pTSA-PANI filler, nor any study that employs unmodified
lignin as a compatibilizer. Only a few works have been found in the literature about 3D-DLP
printing of conductive light-curing acrylic resins based on polyanilines with other dopants and
other conductive fillers. The electrical conductivity reached in the current study is higher than
those reported for photocurable acrylic and polyurethane 3D-DLP printed composites loaded
with HCl doped PANI between 1–6 wt.% (10−10–10−7 S cm−1) [78,79]. The data are slightly
lower than those obtained for DLP 3D printed acrylic resins filled with 0.3–0.6 wt.% carbon
nanotubes (10−4–10−5 S cm−1) [80–82] and similar contents of PANI-HCl (10−5 S cm−1) [31]
or a mixture of PANI/MWCNT (10−4 S cm−1) [32]. Simultaneously, the conductivity values
achieved are similar or higher than those reported for printable photocurable resins using
16 wt.% (10−6 S cm−1) [83] and 1 wt.% (10−11 S cm−1) [84] of Ag nanoparticles or 2 wt.%
reduced graphene oxide (rGO) (10−7 S cm−1) [85]. By contrast, some authors have reported
conductivity values of the order of 10−2–10−3 S cm−1 with 6 wt.% of rGO [86] or using 20 wt.%
of PEDOT [60]. Nevertheless, the use of high amounts of filler is not desirable considering
their cost and the negative effect on the printing process of the material [86].

4. Conclusions

This work reports on the systematic study of the structure–property relationship of
3D printed composites with increasing amounts of unmodified organosolv lignin in a
light-curable acrylic matrix. Amounts of lignin below 3 wt.% can be successfully and
reproducibly printed by LCD vat polymerization. This limit is due to the strong UV
absorption at the critical wavelength of the UV lamp of the printer, which greatly decreases
the rate of polymerization and the cure depth. The printed polymer composites have high
degrees of conversion, rich acrylic surfaces, hardly any interactions between the filler and
the matrix, and discrete lignin aggregates within the polymer matrix. For composites with
lignin proportions below 3 wt.%, the bulk properties of the pristine resin are maintained,
simultaneously improving the surface properties, resulting in smoother surfaces, increased
Shore A hardness, and better wettability. These properties are beneficial from the point
of view of 3D printing elements for applications involving interactions with fluids and
facilitate subsequent finishing of the parts if necessary.

The effect of organosolv lignin as a dispersant of pTSA-PANI was assessed. A clear
improvement in the dispersion of the conductive filler was achieved with as little as 1 wt.%
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lignin in the formulation, resulting in more homogeneous samples with less surface rough-
ness, better appearance, and electrical conductivity enhanced by one order of magnitude,
up to 10−6 S cm−1, without negatively affecting printability.

In brief, the present research opens the possibility of developing a range of novel
solvent-free, eco-friendly photocurable nanocomposites for the fabrication of functional
materials at low costs, valorizing a natural resource such as lignin.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym14194164/s1, Figure S1. Viscosity values of liq-
uid formulations as a function of shear rate and Lignin amount at room temperature; Figure S2.
TEM images of (A) and (B) PANI and (C) and (D) Lignin; Figure S3. Representative SEM images
of (A) PANI and (B) Lignin with magnitude amplification of 10,000×; Figure S4. FTIR spectrum
of p-TSA-PANI; Figure S5. Representative SEM images of (A) LG0PANI5 surface with magnitude
amplification of 40×, (B) LG0PANI5 cryo-fractured cross-sections with magnitude amplification of
100× and (C) X5000. (D) LG1PANI5 surface with magnitude amplification of 40×, (E) LG1PANI5
cryo-fractured cross-sections with magnitude amplification of 100× and (F) X5000. Figure S6. SEM
images of cryo-fractured cross-sections with magnitude amplification of 10,000× (A) LG0PANI5 and
(B) LG1PANI5.
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Abstract: Structural aspects of polysaccharide hydrogels based on sodium alginate and divalent
cations Ba2+, Ca2+, Sr2+, Cu2+, Zn2+, Ni2+ and Mn2+ was studied using data on hydrogel elemental
composition and combinatorial analysis of the primary structure of alginate chains. It was shown that
the elemental composition of hydrogels in the form of freezing dried microspheres gives information
on the structure of junction zones in the polysaccharide hydrogel network, the degree of filling of
egg-box cells by cations, the type and magnitude of the interaction of cations with alginate chains, the
most preferred types of alginate egg-box cells for cation binding and the nature of alginate dimers
binding in junction zones. It was ascertained that metal–alginate complexes have more complicated
organization than was previously desired. It was revealed that in metal–alginate hydrogels, the
number of cations of various metals per C12 block may be less than the limiting theoretical value
equal to 1 for completely filled cells. In the case of alkaline earth metals and zinc, this number is
equal to 0.3 for calcium, 0.6 for barium and zinc and 0.65–0.7 for strontium. We have determined that
in the presence of transition metals copper, nickel and manganese, a structure similar to an egg-box is
formed with completely filled cells. It was determined that in nickel–alginate and copper–alginate
microspheres, the cross-linking of alginate chains and formation of ordered egg-box structures with
completely filled cells are carried out by hydrated metal complexes with complicated composition.
It was found that an additional characteristic of complex formation with manganese cations is the
partial destruction of alginate chains. It has been established that the existence of unequal binding
sites of metal ions with alginate chains can lead to the appearance of ordered secondary structures due
to the physical sorption of metal ions and their compounds from the environment. It was shown that
hydrogels based on calcium alginate are most promising for absorbent engineering in environmental
and other modern technologies.

Keywords: sodium alginate; divalent metal cations; hydrogel; metal sorption; association structure

1. Introduction

Many ionic polysaccharides have a strong tendency to bind metal ions [1,2]. Despite
the variety of structural models, many studies marked out the dominant role of ions in
their triggering of the polysaccharide structural transition and subsequent aggregation of
polymer chains [3,4]. Ion binding may be involved in polysaccharide gelation as a part
of their biological functions and the base for numerous technological applications. Low-
toxic, biocompatible and biodegradable polysaccharides have found wide applications
in food technologies, cosmetology, pharmaceutical and biomedical industries [5–8]. In
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addition to these advanced applications, polysaccharides have been shown to be useful in
the adsorption and binding of harmful chemicals, heavy metals, antibiotics, pesticides and
other contaminants from water and wastewater [9–14].

Alginate (alginic acid) is a copolymer of β–D–mannuronic acid (M) and α–L–guluronic
(G) acid (Figure 1), generally extracted from brown algae or obtained using bacterial
synthesis [15,16]. In recent years, progress has been made in the large-scale bacterial
synthesis of alginates with desired G and M composition and sequences [17]. Alginate
belongs to a group of polymers used in food and pharmaceutical technologies as a gelling
agent. It also has a strong potential in the removal of heavy metals by biosorption [18].
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One of the main alginate features is its ability to undergo the sol/gel transition in the
presence of bivalent cations (Mg2+, Ca2+, Sr2+, Ba2+, etc.) [19]. According to the preparation
procedure, such ionotropic gels occupy an intermediate position between chemical gels with
the irreversible chemical crosslinking of polymer chains by covalent bonding and reversible
physical gels, where polymer crosslinking is organized by electrostatics, hydrogen bonding,
chain entanglement, hydrophobic interactions and crystallization [20]. In the process of ion-
induced polysaccharide crosslinking, divalent metal ions take place in the polyelectrolyte
complex formation due to an electrostatic interaction between the negatively charged
carboxyl groups of polysaccharide molecules and the positively charged metal cations.
Such kind of interaction can lead to strong chemical bonding of cations with certain groups
of biopolymers, being fundamentally different in the case of alkaline earth and transition
metal cations. The properties of alkaline earth ion-induced alginate gels are close to
physical gels [21,22]. On the one hand, they are thermo-irreversible, similar to covalently
cross-linked gels, but on the other hand, they can be formed under mild conditions at
room temperatures and physiological pH. Furthermore, slight changes in physical-chemical
parameters can lead to the rapid and reversible dissolution of some ionotropic gel networks,
which also makes these systems close to physical gels.

The properties of the resulting gels strongly depend not only on the polysaccha-
ride original structure but also on the type of metal cations as crosslinking agents. The
mechanism of alginate gelation, induced by divalent ions, is generally described by the
egg-box model proposed 50 years ago for calcium alginate [23]. However, different types
of divalent ions have their own features in the complexation with polysaccharides, giving
the difference in composition and microstructure of gels [24–30]. For example, with the
help of density functional calculations, it was shown [29] that the binding of transition
metals with carboxylates and chemical interactions in cation–alginate complexes differ
from those of the alkaline earth metals. These authors have shown that the complexation
between alkaline earth cations and alginate units occurs only due to ionic bonds, i.e., due to
electrostatic interaction. In the case of transition metal cations, the long-range electrostatic
interactions compete with stronger coordination-covalent bonding of cations with alginate
units [29]. Thus, two different types of interactions lead to the equal macroscopic result,
which is the formation of alginate gel in the presence of metal cations due to crosslinking
of polysaccharide chains.

A similar point of view was expressed in [31], where the authors considered the
coordination interactions between metal ions and functional polymer groups as crosslinking
junctions. Here, metal coordination employs the intermediate state between covalent and
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ionic bonds, being weaker than covalent bonding and stronger than ionic bonding. Thus,
for different types of ions, the ion–polysaccharide system might possess properties of
either physical or chemical gels, leading to the appearance of various structures with
different properties.

Alginate microspheres, produced using the conventional method of ion-induced
alginate gelation, in the form of a hydrogel, aerogel or xerogel, are the most popular exam-
ples of alginate usage both as an adsorbent and immobilizing carrier for enzymes [32,33],
dyes [34,35] or heavy metals [36,37]. The main goal of this work is to analyze how chang-
ing the crosslinking ion affects the internal structure and sorption ability of the resulting
alginate system. It has been shown that different ions lead to different types of association
of alginate dimers into junction zones, which change the morphology and properties of
alginate microspheres. To research the structural features of gels crosslinked with divalent
metals (Ba2+, Sr2+, Ca2+, Zn2+, Cu2+, Ni2+ and Mn2+), we investigated the elemental com-
position of these gels. We have shown how information on the filling of alginate blocks
by ions makes it possible to obtain information on the structure of junction zones in the
hydrogel network, on the degree of filling of egg-box cells by metal cations, on the type
and magnitude of the interaction between cations and alginate chains and on the most
preferred types of alginate egg-box cells for cations binding and to suggest the nature of
alginate dimers binding in junction zones and to analyze the presence of sorption vacancies
that can be occupied by heavy metal ions. The elemental composition of metal–alginate
microspheres using specific cross-linking cations has not been previously discussed in
the literature.

2. Materials and Methods
2.1. Materials

Sodium alginate (A2033) from Sigma-Aldrich, USA, was used to prepare polysac-
charide solutions. The chemical formula of alginic acid (C6H8O6)n corresponds to both
β–D–mannuronic (M) and α–L–guluronic (G) acids with M/G units ratio of 1.56 for sodium
alginate [38,39].

Inorganic salts: barium chloride dihydrate (BaCl2·2H2O), strontium chloride (SrCl2),
calcium chloride (CaCl2), manganese chloride tetrahydrate (MnCl2·4H2O), copper sul-
fate pentahydrate (CuSO4·5H2O) and zinc sulfate heptahydrate (ZnSO4·7H2O), from
Tatchemproduct, Russia, and nickel sulfate hexahydrate (NiSO4·6H2O), from Sigma, were
used to prepare alginate microspheres.

MQ water purified with the “Arium mini” ultrapure water system (Sartorius, Gottingen,
Germany) was used to prepare all solutions.

2.2. Preparation of Polysaccharide Microspheres

The concentrated aqueous solution of sodium alginate (2 wt.%) was prepared accord-
ing to the standard procedure [23,40,41] by dissolving polysaccharide in water, preliminary
swelling at room temperature, subsequent heating to 70 ◦C and cooling to room tempera-
ture. Then, samples were heated and exposed to ultrasound (35 kHz, 100 W) for 60 min at
a temperature of 70 ◦C in a water bath of Bandelin SONOREX TK52 ultrasonic disperser
(Germany). To prepare microspheres of alginate hydrogel, 0.5 mL of 2 wt.% alginate solu-
tion was added dropwise under constant stirring (500 rpm) to 1.5 mL of 1M solutions of Ba,
Sr, Ca, Mn, Cu, Zn and Ni salts with a medical syringe (needle diameter of 0.63 mm). When
droplets of sodium alginate solution enter the salt solution, the microspheres of composite
hydrogel with a diameter of about 2 mm are instantly formed, in which monovalent sodium
ions are replaced by divalent metal ions. Due to ionic and donor–acceptor interactions,
divalent ions bind pairwise alginate chains, leading to the formation of a three-dimensional
hydrogel structure. The subsequent elemental analysis has shown that there is an almost
complete replacement of sodium ions by ions of other metals. The prepared microspheres
were kept in solution for 20 min, then washed twice and frozen in liquid nitrogen for
freeze drying with Martin Christ equipment. The microsphere preparation procedure
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and washing time were the same for all samples. Images of alginate microspheres in the
presence of divalent metal cations are shown in Figure S1 in the Supporting Information.

2.3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was performed to control the structure of the
freeze-dried hydrogel microspheres. Microspheres with Ba, Ca, Cu, Zn, Ni and Mn were ex-
amined using a field emission scanning electron microscope “Merlin” (Carl Zeiss, Germany)
in the Interdisciplinary Center “Analytical Microscopy” (Kazan Federal University, Kazan).
Samples using Sr were studied using an instrument Auriga Crossbeam Workstation (Carl
Zeiss AG, Oberkochen, Germany) in the Shared Research Center of Kazan National
Research Technical University “Applied Nanotechnology” (Kazan National Research
Technical University).

2.4. Energy Dispersive X-ray Spectroscopy

Elemental analysis was performed using energy-dispersive X-ray spectrometry (EDX)
with the X-Max setup (Oxford Instruments, Abingdon, UK) combined with SEM at an ac-
celerating voltage of 20 kV. The analytical capabilities of the Merlin field emission scanning
electron microscope were extended with additional attachments for X-ray microanalysis Ox-
ford Instruments INCAx-act with the backscattered electron diffraction (EBSD) registration
system Oxford Instruments CHANNEL5. The spectrometer, thanks to the INCASynergy
package, is combined with the Oxford Instruments CHANNEL5 backscattered electron
diffraction (EBSD) detection and analysis system, which makes it possible to study simulta-
neously the distribution of elemental composition and crystalline phases in the near-surface
region of the sample. Samples using Sr were studied on the Auriga Crossbeam Workstation
(Carl Zeiss AG, Oberkochen, Germany), equipped with INCA X-Max silicon drift detector
for energy dispersive X-ray microanalysis (Oxford Instruments, Abingdon, UK).

The energy-dispersive X-ray spectroscopy is an analytical method for elemental analy-
sis of solid matter based on the analysis of emission energy of its X-ray spectrum. With the
help of an electron beam in an electron microscope, the atoms of a studied sample are ex-
cited to emit X-ray radiation, which is characteristic of each chemical element. Investigating
the energy spectrum of such radiation, one can draw conclusions about the qualitative and
quantitative composition of a sample, in our case, the freeze-dried alginate microspheres.
When processing the obtained results, one should take into account the existing limitations
of this method associated with the absence of characteristic X-ray radiation from hydrogen
and lower accuracy in determining the quantitative composition of lightweight elements,
such as carbon and oxygen.

3. Results
3.1. Theoretical Background

Anionic alginate solutions can form hydrogels by using metal cations with a valence
of more than one as the crosslinking agents, which can provide the coordination of polysac-
charide chains via alginate carboxylate groups. The replacement of monovalent sodium by
divalent metal ions Me2+ results in the pairwise joining of adjacent alginate chains due to
the formation of metal-dependent polyelectrolyte complexes. To describe the mechanism
of the alginate cross-linking by divalent Ca2+ ions and their further association with the
formation of junction zones in the form of flat sheets, Grant et al. proposed the egg-box
model [23], which was repeatedly improved [2,17,42–47]. However, with some variations,
this model is still appropriate to describe the crosslinking of alginate chains with alkaline
earth and transition metal ions. Subsequently, it turned out that the crosslinking of alginate
chains by alkaline earth metal ions proceeds in several stages [48]. The first stage is the
formation of single crosslinks between biopolymers. The diaxial bond in the homopoly-
meric chain of guluronates determines cavities formed by the curved fiber structure, which
facilitates the metal cation accommodation inside these cavities. Since MM and MG blocks
do not form such cavities, Ca2+ ions prefer to bind to GG blocks, although the binding to

330



Polymers 2023, 15, 1243

other blocks are sometimes also observed. Thus, the most optimal binding site for Ca2+ in
the egg-box structure is the cell made up of the GG block of one chain and the GG block of
an adjacent chain. At present, such an egg-box model is more often recognized as a real cell,
where the ion in the cavity holds both polysaccharide chains together. Such bond formation
stimulates further chain “zipping”, leading to the connection of two adjacent chains into
a dimer.

It is convenient to represent such a junction as two closely spaced alginate chains
consisting of series-connected GG blocks with Me2+ alkaline earth metal cations included in
the formed cavities, as shown in Figure 2a. The junction of all blocks leads to the formation
of a completely filled dimer (Figure 2b). The presence of blocks containing M units, that are
not optimal for binding leads to the formation of dimers with unbound cells (Figure 2c).
Following Grant’s work [23], the alginate chains in Figure 2b,c are conventionally depicted
as zigzag lines, and the absence of a bond is shown as the absence of a cation (blue ball)
in the cell. Further lateral association of dimers can lead to the appearance of junction
zones in the form of flat egg-box sheets. Fully cross-linked packing (Figure 2d), as will
be shown later, corresponds to alginate gels induced by some transition metals, while the
connected dimers bound by van der Waals interactions and hydrogen bonding are observed
for calcium alginate (Figure 2e). Note that the egg-box model precisely corresponds to
the scheme shown in Figure 2d. Subsequently, Sikorski [43], based on X-ray diffraction
data for calcium alginate, showed that during the construction of junction zones, polymer
chains are connected in the shape of already formed dimers and, therefore, half of the
carboxyl groups do not participate in the bond formation. Therefore, in the case of a lateral
interdimer association, the gaps between dimers contain sodium (or hydrogen) ions, which
neutralize the excess charge of carboxyl groups. These ions are shown in Figure 2e as red
balls. Nevertheless, the possibility of metal ions entering the zones of interdimer association
exists even for calcium [28].
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Figure 2. Integration of alginate chains into a dimer (a); schematic view of a dimer with completely (b)
and partially (c) bound cells; types (d,e) of junction zones under the association of dimers. Blue balls
show ions Me2+ and red balls correspond to sodium and hydrogen ions.

Since during the hydrogel formation, a divalent metal ion binds in pairs two monomer
units of alginate chains, the chemical formula of sodium alginate is best considered for
a block of two units as (C12H14O12Na2)n, or for any divalent metal Me2+ in the form
(C12H14O12MeX)n, where the symbol X denotes the average number of divalent metal ions
per block of two C12 monomeric units, i.e., the average block occupation number C12. The
limit value X = 1 corresponds to completely filled cells of an egg-box sheet from parallel-
connected alginate chains (Figure 2d). In Figure 2d, each block of two monomeric units
contains a Me2+ ion. For dimers formed by alkaline earth metals (primarily by calcium),

331



Polymers 2023, 15, 1243

as shown in Figure 2e, there is one metal cation (depicted by the blue ball) per egg-box
of four monomeric units. Accordingly, in the absence of metal ions in interdimer space,
the average number of Me2+ ions per C12 block should not exceed 0.5. Let us recall that
this case corresponds to alginate dimers bound only by van der Waals interactions and
hydrogen bonding. In Figure 2e, a case corresponding approximately to X = 0.35 is shown.
If metal ions also form a bond in the interdimer space, this number can increase up to X = 1.
Thus, the average number of metal ions per C12 block obtained using elemental analysis
under the use of the egg-box model provides important information about the alginate gel
structure and about the type of junction zones.

In addition, it should be noted that the block occupation number should be determined
by the initial composition of the studied alginate, at least by the ratio of M and G blocks in
the alginate chain. The importance of determining the chain composition and sequential
structure has been noted by many authors [49]. Certainly, the knowledge of alginate
primary monomeric composition does not suffice to determine its sequential structure.
Certain attempts to describe the probabilistic distribution of monomeric units along the
polymer chain were made in [50–52].

To assess the possible structures of junction zones, we applied combinatorial calculus.
We took into account that in the alginate sample used, the M/G ratio is 1.56 [38,39], which
is close to 1.5. For simplicity, we assumed that, on average, there are three M units for every
two G units, i.e., M/G = 3:2. The approximate probabilities of block formation from two
monomeric units can be calculated using the variant tabulation method (see Table S1 in SI).
It turned out that the probabilities of the appearance of blocks GG, GM (together with MG)
and MM, respectively, are equal to 16%, 48% and 36%. Here, the GM and MG blocks were
considered equivalent, although the differences between the GM–GM and GM–MG cells
must be taken into account when connecting in the egg-box.

When forming the Table of variants (Table S2 in SI) for the formation of egg-box
cells of various types in the space between two alginate chains, the resulting proportion
GG:GM:MG:MM = 4:6:6:9 was used for subsequent comparison with the elemental experi-
ment. The results of calculations carried out using data in Tables S1 and S2 are presented
in Table 1.

Table 1. Approximate probabilities of association of M and G units into different egg-box structures
for alginate with M/G~1.5.

N Type of Structure Probability N Type of Structure Probability

1 GG–GG 16/625 = 2.56% 4 GM–GM 72/625 = 11.52%

2 GG–GM 96/625 = 15.36% 5 GM–MG 72/625 = 11.52%
6 GM–MM 216/625 = 34.56%

3 GG–MM 72/625 = 11.52% 7 MM–MM 81/625 = 12.96%

In this table, cells GM–GM and MG–MG were considered equivalent to each other, but
not with the cells of GM–MG (MG–GM). The remaining structures containing GM blocks
or MG blocks were considered equivalent to each other. It should be noted that taking into
account nonequivalent positions almost does not complicate proposed method.

3.2. Experimental Results

Using the field emission scanning electron microscope, the SEM images of the surface,
internal sections and internal cells of the freeze-dried microcapsules, the elemental compo-
sition of the near-surface and, in some cases, internal layers of microspheres were studied
and the chemical formula corresponding to this composition was determined.

Since hydrogen does not show characteristic X-ray radiation, the method of energy-
dispersive X-ray spectroscopy does not allow us to determine the quantitative composition
of hydrogen in the structural formula. Therefore, all further formulas are given without
hydrogen, the presence of which is simply implied in the above proportions. In addi-
tion, a characteristic feature of the energy-dispersive X-ray spectroscopy method is that
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lightweight elements are determined with a larger error, by which we explain the systemat-
ical mismatch of oxygen atoms by almost one per one C12 block.

The comparative results for seven samples of metal–alginate hydrogels are given below.
The sequence of samples prepared on the basis of divalent metals Ba-Sr-Ca-Zn-Cu-Ni-Mn
is considered in the descending order of their ionic radii 0.135-0.113-0.099-0.074-0.073-0.070-
0.067 nm [27]. Traces of aluminum present in some samples are attributed to the result of
sample preparation for scanning electron microscopy.

Barium–alginate microspheres. Cell images of the Ba–alginate microspheres and the
elemental analysis data of the surface layers of freeze-dried barium–alginate microspheres
are shown in Figure 3. For the above-mentioned reasons, hydrogen is absent.
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Figure 3. SEM image of transverse section of a Ba–alginate microsphere and its elemental content.

The obtained elemental composition of Ba–alginate microspheres corresponds to the
formula (C12O11Ba0.6)n. Here and below, the elements whose contribution is less than one
tenth of an atom per cell were not included in the determined formula. For each C12 block
composed by two monomeric units, there are on average X = 0.6 Ba atoms. This is less than
the maximum possible theoretical value X = 1.0 but more than X = 0.5. There are traces of
other metals (rest of Na and Al), but due to their small amount, they do not make a real
contribution to a certain composition. Thus, the obtained data on the block occupation
number indicate that barium cations bind alginate chains not only inside dimers but also in
the interdimer space. This means that when joining in junction zones, the stage of formation
of alginate dimers proceeds simultaneously with their joining into zones. Thus, in the
junction zones of barium alginate, the dimers do not retain their individuality. This fact
promotes the formation of strong Ba-based gels [53].

However, barium does not bind to all alginate blocks. In 40% of egg-box cells, the Ba2+

cross-linking cations are absent. The excess charge of the carboxyl groups remaining after
sodium removal can be compensated in this case only by hydrogen. Due to the fact that,
according to the available literature data, Ba interactions are more preferable with GG and
MM blocks [27,28,52–59], some of the blocks, most likely MG, remain unbound by barium
cations. Apparently, the shape and size of cells including MG blocks do not correspond
to the barium cation. Thus, GG–GG, GG–MM, MM–MM and possibly GM–MM can be
chosen as the most probable structures containing Ba2+. The total probability of filling the
structures, equal to 385/625 ≈ 61.6%, allows us to determine the number of barium cations
as X = 0.62, which is quite close to obtained value X = 0.6.

It should be also noted that after the preparation of barium alginate microspheres using
barium chloride, all chloride ions remain in the washing solution after double flushing.
This means that chloride ions do not interact with alginate chains. The cells of the obtained
barium–alginate microspheres have a clear rhombic shape and a fairly homogeneous
structure (Figure 3). The approximate cell size is 50 × 25 µm. According to [28], this gel is
stable in acidic and neutral pH environments. If not for the toxicity of barium compounds,
such a porous material would be ideal for drug delivery and other medical applications.
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Strontium–alginate microspheres. In the table of elements, strontium occupies an
intermediate position between barium and calcium. According to its properties, it is an
analog of calcium. Natural strontium occurs as a mixture of four stable isotopes (mainly
88Sr, 82.6%). It is a constituent of microorganisms, plants, animals and, unlike barium, is a
low-toxic chemical.

The images of cells in Sr–alginate microspheres and the data from the elemental anal-
ysis of the near-surface layers of strontium–alginate microspheres obtained by treating
sodium alginate with strontium chloride are shown in Figures S1 and 4. Despite the per-
formed standard double washing, the obtained elemental composition, shown in Figure S1,
corresponds to the chemical formula (C12O11.6Cl2.3Sr1.8Na0.1)n. A similar composition
was obtained for the inner regions of microcapsules. A distinctive feature of the obtained
formula in comparison with the theoretical composition is the presence of chlorine and
a significantly larger number of strontium atoms per block, as well as the existence of
sodium residues. This composition indicates the presence of structures inside the sample
not inherent to strontium alginate.
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The obtained formula, in which there are more strontium atoms than possible binding
sites, leads to a conclusion about the existence of strontium atoms in at least two fundamen-
tally different nonequivalent positions: (a) connecting adjacent alginate chains, i.e., acting
as cross-linking agents and (b) in the composition of SrCl2 associates adsorbed by alginate
chains. The excess amount of strontium atoms, the presence of chlorine and considerations
of the electro-neutrality of the solution make one assume the formation of SrCl2 associates.
It should be noted that SrCl2 structures exist precisely in the form of associates and only
near alginate chains. Their possible dissociation in bulk solution would lead to the ap-
pearance of chloride ions, which are indifferent to the alginate structure and can be easily
removed with washing. This is indicated by the results obtained for barium alginate gels.
Such behavior of chloride ions was observed during ion-induced gelation with BaCl2 when
the absence of chloride ions was observed after a standard double washing. Separation
of contributions from nonequivalent strontium atoms shows that approximately 0.65 of
crosslinking Sr2+ ions per each C12 block carry out the spatial connection of chains, leading
to the formation of egg-box cells.

In addition, for each C12 block of strontium alginate, there are on average 1.15 associates
of strontium chloride SrCl2. Taking into account that a distinctive feature of natural
polysaccharides is the presence of sorption ability, we assumed that the binding of SrCl2
by hydrogel structures observed in this case (physical adsorption) is most likely due to
the presence of local energetically favorable positions for these associates near the alginate
chains. Despite the fact that SrCl2 associates do not form either covalent or ionic chemical
bonds with alginate chains, they can be kept near them due to weaker (mainly van der
Waals) interactions. To find the real elemental composition of strontium alginate, we
subtracted 1.15 Sr atoms associated with 2.3 Cl atoms and obtained the resulting formula
(C12O11.6Sr0.65Na0.1)n.
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To test the hypothesis of the existence of various types of strontium binding with
alginates, we assumed that the energy of the interaction of SrCl2 associated with biopolymer
chains corresponds to the physical adsorption. In this case, it will be not much more than
the energy of its thermal motion in water. Therefore, an increase in the washing time should
lead to the removal of weakly bound SrCl2 associates. In the case of complexation based on
ionic electrostatic interactions, the washing will not change this result.

Thus, we have conducted a study of newly prepared and thoroughly washed mi-
crocapsules of strontium alginate. The washing solution was changed five times with an
interval of 2 h. The salt concentration in the wash solution was controlled using an inoLab
Cond 7310 SET1 conductometer (Hungary). The washing took place at room temperature
until the electrical conductivity of the washing solution reached the value of the electrical
conductivity of distilled water (after 6 h of washing). The SEM images of Sr–alginate cells
and elemental data for strontium–alginate microspheres after the additional washings are
shown in Figure 4.

The elemental analysis carried out for two different cases of washed strontium–alginate
microspheres gave new results: (a) (C12O11.3Sr0.65)n and (b) (C12O11.1Sr0.70)n, which do not
differ fundamentally from the result obtained earlier. This indicates that the used analysis
of elemental composition was quite correct. In addition, this result can be regarded as an
indirect confirmation of SrCl2 physical adsorption by the hydrogel. It should be noted that
with the standard procedure of microsphere preparation, described in the Materials and
Methods, the existence of associates similar to SrCl2 should also be expected in the case
of cross-linking of alginates with other cations. It can even be assumed that the existence
of such binding sites (physical adsorption) for emerging associates of metals (and other
impurities) with hydrogel structure is explained by the adsorption capacity of alginate
hydrogels and, therefore, can be numerically correlated with it.

According to the literature data, the structures corresponding to the egg-box model
can appear as a result of the complex formation of strontium with alginate chains. Due
to the known information that the interaction of strontium is more preferable with GG
and MG blocks [27–29,58–60], some blocks, most likely MM, remain unbound by these
cations. If we choose cells that do not contain MM blocks, namely, GG–GG, GG–GM,
GM–GM and GM–MG, as the most probable structures containing Sr2+, we shall obtain
X = 0.41. The discrepancy between this number and the experimental data means that some
cells containing MM blocks also can contain Sr2+ cations. In particular, the occupation of
structures GG–GG, GG–GM, GG–MM and GM–MM gives the total probability of filling
cells equal to 400/625 = 64%. This allows us to determine the average occupation number
for strontium as X = 0.64, which is close to X = 0.65 ÷ 0.7 obtained from our experiments.
The experimental value X = 0.65 ÷ 0.7 cations per C12 block exceeds the limiting value of
0.5, corresponding to the case of the association of dimers with cations according to the
type of Figure 2e. This means that, as in the case of Ba2+, the crosslinking occurs not only
within dimers but also in the interdimer space and the dimers lose their individuality in
resulting junction zones. In the case of strontium, the number of cations involved in the
gel formation is still slightly larger than in the case of barium. However, a significant part
of cells remains empty. Apparently, the shape and size of some cells do not correspond to
the strontium cation. Thus, despite the fact that the experimental technique used does not
allow us to draw conclusions about specific crosslinking sites, some considerations about
the role of GG, MG and MM blocks in the binding of Me2+ ions by alginate chains can still
be expressed.

The cells of strontium alginate microspheres obtained after intense washing turned out
to be much more uniform in their composition and size (Figure 4). They are very similar in
structure to the barium alginate microspheres. The Sr2+-based microsphere cells, which are
slightly larger, also have a rhombic shape with an approximate size of about 60 × 40 µm.

Strontium alginate forms a nontoxic gel with high chemical stability and strong me-
chanical performance. The Sr–alginate gels show great potential as biomaterials for bone
regeneration based on enhanced cell proliferation and migration. It was noted in [60] that

335



Polymers 2023, 15, 1243

Sr alginate is a suitable material for the immobilization of living cells in long-term perfusion
studies compared with other ion-induced alginate gels. The Sr–alginate gel has higher
chemical stability and effects on cells caused by Sr2+ are relatively mild compared to the
other divalent cations.

Calcium–alginate microspheres. The most commonly used and studied divalent
alkaline metal for the preparation of hydrogel microspheres is calcium. SEM images of the
cells of the freeze-dried microspheres and data from the elemental analysis of near-surface
layers of microspheres are shown in Figure 5.
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The obtained elemental composition, despite the standard washing of microspheres,
corresponds to the formula (C12O11Cl3Ca1.8Na0.14)n. A distinctive feature of this compo-
sition from the expected one is the presence of chlorine and a noticeably larger number
of calcium atoms per block, as well as the presence of a small number of sodium atoms.
Just as in the case of strontium alginate, the observed elemental composition leads to the
conclusion that calcium atoms exist in two fundamentally different nonequivalent positions:
(a) connecting adjacent alginate chains, i.e., acting as the cross-linking agents and (b) in the
form of CaCl2 associates adsorbed by alginate chains. The separation of these contributions
can be carried out similarly to the previous case. Assuming that the adsorption binding
of CaCl2 associated with the hydrogel structure is due to the presence of energetically
favorable local positions near the alginate chains, we subtracted 1.5 Ca atoms associated
with 3 Cl atoms and obtained the following elemental composition (C12O11Ca0.3Na0,14)n.
Thus, only 0.3 Ca2+ crosslinking ions in the structure of the hydrogels per C12 block provide
spatial crosslinking of chains. This may be the reason why the strength of calcium-based
gels is inferior to that of barium-based gels [53].

When carrying out theoretical calculations of the probability of the calcium cations
binding in a hydrogel structure, we proceeded from the fact that bonds should occur in the
cells containing GG blocks. There were no other preferences for Ca2+. The probability to
find calcium cations in cells GG–GG, GG–GM and GG–MM is 184/625 = 29.4%, which gives
X = 0.29, being close to the value of 0.3 obtained in experiment. Note that the probability of
GG–GG structures all over the sample is rather small (~2.5%), but their existence triggers
the zipping mechanism of chains joining into dimers. There are also not so many cells
that include one GG block. Therefore, the number of crosslinking ions turned out to be
very small, and the type of junction zones correspond to the lateral association of dimers
due to van der Waals interactions and hydrogen bonds (Figure 2e). The probability of
occurrence of calcium ions in the interdimer space is low since it is determined by the
probability of contact between the GG blocks of two dimers. This probability is about 1%.
The uncompensated charges of carboxyl groups are partially compensated by the presence
of small amounts of Na+ and H+ ions, which are mainly concentrated in the inter-dimer
space. In general, such a structural organization of calcium alginate hydrogels makes its
properties closer to those of physical hydrogels. Compared with Sr2+, Ca2+ shows a smaller
number of coordination sites and weaker binding with alginate molecules [29,60]. Here we
are faced again with a situation where the shape and size of some cells do not correspond
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to the cation used. Therefore, Sr–alginate gels have a significantly higher chemical stability
and stronger mechanical performance than Ca–alginate gels under the same concentration
of alginate and ions. However, the total number of possible binding sites (both chemical
and physical) in strontium and calcium alginates is approximately the same being about
1.8 per block of two monomeric alginate units. In comparison with strontium, the decrease
in sites at which calcium ions can bind polysaccharide chains increases the number of sites
suitable for physical adsorption. This fact allows us to conclude that calcium alginate can
be used in the engineering of materials that are more effective in terms of sorption ability
for their use in different technologies. It should also be noted that the adsorption of heavy
metals by calcium alginate hydrogels leads to the strengthening of their structure [61].

The cells of calcium–alginate microspheres are heterogeneous not only in their com-
position but also in size (Figure 5), and their walls are rather thick compared to the walls
of other metal–alginate microspheres. The approximate cell size is 70 × 30 µm. Calcium
alginate gels are considered as safe and non-toxic.

Alginate systems based on transition metals Zn2+, Cu2+, Ni2+. The alginate micro-
spheres with transition metals were prepared with the help of their sulfate salts obtained
in contrast to the case of alkaline earth metals, for which the chlorides were used. Since
the comparison of elemental composition with the participation of Me2+ sulfates may not
always be correct due to the difference in anions, we present below only the main features
that characterize these hydrogels.

Zinc, which has the largest (comparable to alkaline earth metals) ionic radius (0.074 nm)
of all transition metals we studied, produces ion-induced hydrogels similar to alka-
line earth metal hydrogels. It is known that the Zn–alginate gel is always loose and
weak [28,29,62–64]. This is due to the fact that Zn2+ can interact with the carboxylate of
G blocks in a similar way to Ca2+. However, the Zn2+-mediated cross-linking of alginate
shows a unidentate binding, which involves only one carboxylate oxygen atom [28].

The obtained elemental composition of Zn–alginate microspheres made it possible to
determine the average occupation number of zinc ions per C12 block. It turned out that,
on average, X = 0.6 crosslinking Zn2+ ions provide a spatial connection of polysaccharide
chains. This number corresponds approximately to the number of Ba2+ cations that create
bonds in the GG and MM blocks. It is possible that zinc cations bind to the same blocks,
which may explain the similar result that is obtained. The incomplete use of all possible
bonds (the number of zinc ions per block is less than one) casts doubt on the fact that
covalent bonds predominate over the ionic bonds [29] in zinc alginate, although it may be
possible when zinc ions interact with specific blocks. The total number of possible binding
sites (both chemical and physical) for this alginate hydrogel turned out to be 1.5 per block of
two monomeric alginate units, which is less than the value of 1.8 obtained for the strontium
and calcium systems. Perhaps this fact also determines the weak structure of zinc alginate.

The cells of zinc–alginate microspheres have a disordered structure, in which elements
of tetrahedral symmetry are still visible. In general, a fairly homogeneous porous structure
is observed. The approximate cell size of 30 × 30 µm is noticeably smaller than that of
alkaline earth metal alginate hydrogels but still larger than that of other transition metals. In
the literature, good antibacterial properties of zinc-based gels are noted, however, exceeding
certain concentrations for medical purposes can lead to toxic effects. Better preservation of
enzyme activity was also noted when using zinc–alginate microcapsules [62].

The mechanism of Cu2+- and Ni2+-induced gelation of alginate remarkably differs
from that of the alkaline earth metals [28,29,62,65–67]. It was concluded that the formation
of coordination-covalent bonds in alginate gels with transition metal cations apparently
prevails over electrostatic interactions in polyelectrolyte solutions [29]. The ions of these
transition metals bind equally well to both M and G alginate units [66], forming much more
ordered structures [68–70]. The observed elemental composition did not give grounds for
assuming that the positions of various copper ions are not equivalent. This means that
all copper cations are crosslinking ones (X = 1) leading to completely ordered junction
zones described by the egg-box model (Figure 2d). Despite the fact that the size of the
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copper cation is one and a half times smaller than the calcium one, the egg-box cell
formed by alginate chains and Cu2+ is always longer than that formed with Ca2+ [28].
The increased size in the egg-box dimer formed by alginate chains and Cu2+ may indicate
a complex association that occurs when alginate chains are bound by copper cations,
including the presence of hydration water molecules in egg-box cells. The calculations of
optimized structures of Cu2+−disaccharide complexes, which were studied with the density
functional theory (DFT) [29], showed the presence of cavities that could accommodate
more complicated copper complexes than single cations. Thus, it is possible that the cross-
linking of alginate chains in copper–alginate microspheres and the formation of ordered
egg-box structures with completely filled cells are provided by hydrated copper complexes
of complicated composition.

The obtained elemental composition of Ni–alginate microspheres indicates a strong
interaction of Ni2+ with polysaccharide chains, the average occupation number X = 1
for C12 blocks and the presence of hydration water which, along with the Ni2+ cation is
responsible for the complex formation of alginate chains. In Ni–alginate microspheres,
nickel ions bind equally well to all structural units of alginates, which makes it possible to
speak about the formation of strong coordination-covalent bonding during complexation,
leading to completely ordered junction zones in the egg-box model (Figure 2d). It should be
noted that the calculations performed using the DFT method showed [29] that the presence
of water molecules in the inner coordination shell of an ion provides a wide variety of
stable hydrated structures. Moreover, these calculations show that the interaction energy of
cations increases in hydrated complexes compared to corresponding anhydrous structures.
Therefore, it is not surprising that some hydration water molecules can participate in the
complex formation of alginates together with Ni2+.

It should be noted that many nickel compounds are toxic and carcinogenic.
Manganese–alginate microspheres. SEM images of the cells and the elemental analysis data for

Mn–alginate microspheres obtained by treating alginate with manganese chloride solution
are shown in Figure 6.
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Figure 6. SEM image of cells in a Mn–alginate microsphere (a), elemental content of surface
domains (b) and an enlarged image of cell walls of the interior (c).

The resulting elemental composition of the surface layers of Mn–alginate microspheres
(Figure 6b) corresponds to the formula (C12O6Cl4Mn3)n. A distinctive feature of this
formula is an extremely small number of oxygen atoms per C12 block in the presence of
three manganese atoms, which indicates very strong metal–alginate interactions. There was
also a surprising openwork structure of the cell walls of manganese–alginate microspheres
in the presence of strong Mn2+ interactions with all alginate blocks. Similar to calcium, we
assumed that the addition of manganese salts leads not only to chain linking but also to
the formation of physically adsorbed MnCl2 complexes. The subtraction of atoms related
to MnCl2 associates gives the following elemental composition (C12O6Mn)n. The cells of
each block are completely filled (X = 1) with manganese cations indicating that manganese
ions form complexes equally well with all structural units of alginate chains due to the
appearance of covalent-coordination bonding.
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The decrease in the number of oxygen atoms requires an additional explanation. It can
be assumed that the presence of manganese leads to the appearance of processes during
which H2O and carbon dioxide CO2 are released. Indeed, alginic acids exhibit a number
of specific chemical reactions. Such reactions include, for example, dehydrogenation,
decarboxylation and degradation up to oligomers in an acidic medium [26] or on heating
in the presence of some metal salts [71]. The decomposition of alginate under physiological
conditions can be caused by the partial oxidation of alginate chains [72]. Apparently, the
manganese compounds contribute to the occurrence of such processes, being the catalysts
for many organic reactions [73]. This can be facilitated by the fact that manganese chloride
MnCl2 is hydrated when dissolved in water, forming slightly acidic solutions with a pH of
about 4. The instability of gels formed by manganese alginate has already been pointed out
in [28,74].

The cells of freeze-dried Mn–alginate microspheres look very unusual. The cell parti-
tions of the inner part of these microspheres at higher magnification are shown in Figure 6c.
The openwork “petals” of cells resemble the structures left after the etching or some kind
of chemical treatment, indirectly confirming by this picture the partial decomposition of
alginate. According to the number of manganese atoms per block, a dense material should
have been obtained, similar in properties to the nickel–alginate hydrogels. However, due
to dehydration and decarboxylation, the hydrogel structure is loosened.

The approximate size of the cells can be estimated as 20 × 15 µm. The shape of the
cells is closer to cubic. In our opinion, such a material could be of interest as a catalyst or
catalyst carrier in biotechnological processes.

4. Discussion

We considered fundamental aspects of the influence of various ions on the morphology
and elemental composition of alginate hydrogel microspheres obtained using various
crosslinking metal ions (divalent cations Ba2+, Sr2+, Ca2+, Cu2+, Zn2+, Ni2+ and Mn2+). It
should be noted that concentrated solutions of divalent metal salts were used to prepare
hydrogel microcapsules. If the multi-staged binding of alginate chains is observed for
weakly concentrated solutions [48], in highly concentrated solutions these stages occur
almost simultaneously.

The result of the crosslinking of bivalent ions and polysaccharide chains is the for-
mation of flat junction zones corresponding to egg-box structures with varying degrees
of their cells being filled by divalent metal cations. The chemical formula of alginate
with pairwise crosslinked chains underlying the egg-box structure, per the block of two
monomers is (C12H14O12MeX)n. The limiting value of the average number of Me2+ cations
per C12 block (occupation number) X = 1 corresponds to the case of completely filled
egg-box cells. We have shown that the analysis of elemental content of the near-surface
zones of metal–alginate microspheres allows us to obtain information not only on the filling
degree of junction cells by metal cations but also to draw conclusions about the type and
magnitude of the interaction between cations and alginate chains, to clarify information
about the composition of the most preferred egg-box cells and to suggest the nature of
binding of alginate dimers in junction zones. In addition, the existence of opportunities for
the sorption of metal ions and their compounds by metal–alginate hydrogels, primarily by
the calcium–alginate system, has been established.

A cross-comparison of the obtained results, together with an analysis of the literature
data, allowed us to conclude that the average degree of cell filling X correlates with the
strength of cation binding to the alginate chains, i.e., with the relative contribution of the
stronger than ionic coordination-covalent interaction, which is typical for alginate in the
presence of transition metal cations [29]. Therefore, for cations such as Cu2+, Ni2+ and
Mn2+ where the contribution of the coordination-covalent interaction is sufficiently large,
the average occupation number is X = 1 (Figure 6), and the junction zones have the form
shown in Figure 2d. A slightly different situation is observed under the interaction of Zn2+,
which, although a transition metal, has a larger ionic radius comparable to that of alkaline
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earth metals. In the case of the zinc–alginate system, the experimentally observed average
occupation number turned out to be less than 1 (X = 0.6), which indicates that the bonding
of zinc with alginate is rather weak and cannot be of a coordination-covalent nature. The
interaction of this cation with alginate, as well as the interaction with alkaline earth metal
cations, is carried out using ionic bonds. Its additional features (unidentate binding [28])
make the Zn2+-based hydrogel weak [62–64].

The result of crosslinking with alkaline earth cations, primarily with Ca2+, is the
pairwise association of alginate chains (chain-to-chain association) and the subsequent
lateral association of cross-linked dimers, leading to the formation of flat junction zones,
as shown in Figure 2e. In this case, cations fill the cells formed when alginate chains join
into dimers. Due to van der Waals forces and hydrogen bonds, the dimers associate in the
junction zone but there are no cations in the interdimer space. With the complete filling of
all cells of each dimer with cations and their absence in the interdimer space, X = 0.5. A
similar situation, but with partially unfilled cells of alginate dimers, corresponds to calcium
alginate hydrogels, where the average number of crosslinking Me2+ ions per C12 block is
even smaller and is approximately equal to X = 0.3. As we have shown, calcium cations
can also enter the inter-dimer space, but the probability of such a process is low (about 1%).
For other alkaline earth metals, the X number corresponds to 0.6 for barium and 0.65–0.7
for strontium (Figure 7). On the one hand, this fact is explained by the electrostatic binding
of alkaline earth cations with alginate chains, which results in a different degree of complex
formation of these cations with alginate blocks of various types (GG, MM, GM). This is
manifested in a different probability of filling cells and the appearance of a certain number
of unoccupied sites in the egg-box structures. On the other hand, the value X > 0.5 indicates
the existence of Mn2+ cations in the inter-dimer association zone. Therefore, for barium
and strontium, the stage of association into dimers occurs probably simultaneously with
the stage of inter-dimer association, just as in the case of transition metals. The dependence,
shown in Figure 7, reflects the average number of cations of various divalent metals per
C12 block, which is equal to average occupation number in the cells of junction zones.
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Figure 7. Average number of various divalent metals cations per block C12. Sequence of chemical
elements Ba-Sr-Ca-Zn-Cu-Ni-Mn is taken in descending order of their ionic radii 0.135-0.113-0.099-
0.074-0.073-0.070-0.067 nm.

Molecular dynamics methods have established the existence of many optimal but still
unequal binding sites for metal ions with alginate chains [17,29,75], some of which remain
unoccupied. The presence of such places can lead to their occupation by various molecules
which are bound by alginates as a result of physical sorption, the binding energy of which
is less than the energy of the ionic bond of cations with alginate units and is comparable to
the energy of thermal motion of molecules.

The interesting features of hydrogels can be revealed by studying the quantitative
composition of the excess salts used to prepare microspheres and that remain in their
structure after 20 min double washing. In principle, the components of the salt solution
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that have entered the sodium alginate solution are not equivalent. Some of the components
can be incorporated into the structure of the hydrogel (Me2+ cations), the other part can be
indifferent to gel structure and some parts can be in the zones of local energy minima, i.e.,
weakly interact with alginate structure. For example, when barium chloride is added, a
certain amount of barium cations participates in crosslinking and all excess barium salt and
chlorine anions are easily removed from the water in which hydrogel beads are located for
20 min during double washing. They are indifferent to the structure of barium alginate.
On the contrary, when strontium chloride is added, almost the same amount of strontium
cations is involved in crosslinking, however, not all Me2+Cl2– associates were eliminated by
double washing. In particular, a 6h washing was required to remove excess salts (1.15 SrCl2
per C12 block). It should be noted that washing leads to the removal of “excess” ions and
associates, but not places for their possible binding, which determine the sorption capacity
of alginates.

In the course of ion-induced gelation in the presence of transition metal cations, the
egg-box structures of junction zones, i.e., the sheets of connected alginate chains, are formed
almost instantly, so the excess salts can be located both above and below these sheets, which
also form the ordered secondary structures. The elemental analysis data show that the
maximum number of transition metal associates (except zinc) Me2+Cl2– per C12 block can
be 2, and their location should be determined by the properties of the metal/alginate
system. Thus, the number of physically adsorbed associates in this case is even greater
than in the case of alkaline earth metal alginates. It is possible that the strength of their
physical binding to alginate chains will also be greater. The time of the removal of “excess”
associates by washing has not yet been established.

For zinc and strontium, the number of emerging secondary associates is 0.9 and
1.15 per C12 block, respectively. The large size of barium ions does not allow the participa-
tion in additional interactions with alginate chains.

According to the obtained structural models, the most optimal hydrogel in terms of
sorption properties is the calcium–alginate hydrogel. A small number of filled cells of the
egg-box structure in calcium alginate lead to the appearance of 1.5 additional possible sites
for the interaction of ions and associates with alginates per each C12 block. Some of these
sites can be located in the inter-dimer space of junction zones, which is associated with the
electronegativity of weakly filled egg-box structures. Another part may be near the alginate
chains, above and below these planes. Indirectly, the appearance of secondary structures is
indicated by a decrease in the level of crystallinity upon soaking a sodium alginate film in
a CaCl2 solution, which was observed in [2].

5. Conclusions

In this work, we studied the elemental composition and structural features of the
near-surface regions of freeze-dried microspheres obtained on the basis of the association of
sodium alginate induced by divalent cations Ba2+, Sr2+, Ca2+, Cu2+, Zn2+, Ni2+ and Mn2+.
It has been shown that in metal–alginate hydrogels, the average number of various Me2+

cations per C12 block with a limiting theoretical value equal to 1 is less than this number. In
the case of alkaline earth metals and zinc, the average occupation number ranges from 0.3
to 0.35 for calcium to 0.65 to 0.7 for strontium. This fact points to the electrostatic binding
of alkaline earth and zinc cations to alginate chains. A consequence of the relatively weak
electrostatic interaction is a different degree in the complex formation of these cations with
alginate blocks of various types (GG, MM, GM), which manifests itself in the presence
of a certain number of unoccupied sites in the egg-box structure. Apparently, there is a
discrepancy between the large size of the alkaline earth cation and the possibilities of its
complex formation and the size and shape of certain egg-box cells. The use of combinatorial
methods made it possible to calculate the probability that egg-box cells of various natures
are formed during the association of alginate chains with the M/G unit ratio of 1.5.

The transition metal cations Cu2+, Ni2+ and Mn2+ bind alginate chains through
coordination-covalent bonding, which also results in the formation of structures simi-
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lar to egg-boxes but with completely filled cells, i.e., the number of cations per C12 block is
equal to 1. However, the completely filled cells are not the only structural feature of transi-
tion metal gels. The elemental analysis shows that in the copper–alginate microspheres,
the crosslinking of alginate chains and the formation of ordered egg-box structures with
completely filled cells are provided by hydrated copper complexes. A similar situation is
observed for the nickel–alginate hydrogels. An additional distinctive feature of manganese–
alginate systems is the partial destruction of alginate chains. Thus, the metal–alginate
complexes may have a more complete organization than was assumed previously.

Using the example of strontium alginates, it has been established that the existence of
unequal binding sites for metal ions with alginate chains can result in the appearance of an
ordered secondary structure of the hydrogel due to the physical sorption of ions and other
molecules from the environment. The study of the elemental composition of excess salts
remaining in the gel structure after its double washing allows us to calculate the number of
sites for their possible binding, which determines the sorption capacity of alginates.

From the point of view of sorption characteristics, calcium alginate shows the most
optimal properties. The reduced number of sites where calcium ions link chains increases
the number of sites available for physical adsorption. In addition, during adsorption
from the environment, the vacancies in interdimer space and in the egg-box structures
are occupied by heavy metal cations, which, as a rule, belong to transition metals and
can be intruded into cells of any configuration. Their incorporation and bonding by
prepotent coordination-covalent bonding led to hydrogel structural strengthening and to
the appearance of additional sites for physical sorption. Therefore, we believe that on the
basis of calcium alginate, the most effective materials in terms of sorption capacity can be
obtained for their use in environmental and other modern technologies. The creation of
innovative nanocomposite materials with improved mechanical properties and efficient
adsorption capacity [76,77] based on calcium alginate holds a great promise for various
ecological purposes.
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Table S2: Calculation of probabilities of various egg-box cells along alginate dimer having a man-
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