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Preface

The burgeoning global awareness of environmental sustainability has propelled the field of
biopolymers and biodegradable polymers to the forefront of materials science and engineering.
This reprint, “Biopolymers and Biodegradable Polymers: Synthesis, Properties, Application, and
Degradation Behavior,” aims to provide a comprehensive and up-to-date exploration of this critical
area. Its scope encompasses the fundamental principles of biopolymer synthesis, the intricate
relationships between their molecular structure and material properties, the diverse applications that
leverage their unique characteristics, and the crucial aspect of their degradation behavior.

My motivation for writing this work stems from the urgent need for accessible and consolidated
knowledge regarding these eco-friendly materials. The rapid advancements in biopolymer research
have created a vast body of literature, often fragmented and dispersed. This book seeks to bridge that
gap, offering a single, authoritative resource for researchers, students, and industry professionals,
offering both fundamental knowledge and the latest developments in the field. The chapters within
this volume explore a spectrum of topics, from the stabilization of earth-based pavements with
bio-based binders to the intricate molecular design of sustainable polyesters and polyurethanes. We
delve into the fabrication of shape- and temperature-stable nonwoven structures, the characterization
of chitosan-based thin films, and the genetic underpinnings of polyhydroxybutyrate synthesis.
Furthermore, this reprint explores advanced analytical techniques, such as deep learning for cell
migration studies, and investigates the crystallization behavior of polylactic acid.

The practical applications of biopolymers are equally diverse, encompassing ternary blends
for tailored material properties, starch-based flame retardants, and the revolutionary use of
polyetheretherketone in restorative dentistry. Finally, we examine the critical role of biomaterials
in guided tissue and bone regeneration for periodontal treatments, highlighting the clinical relevance
of biopolymer research.

This reprint is intended for a broad audience, including researchers, engineers, material
scientists, and clinicians seeking to understand the latest developments in biopolymers and their
applications. It is the product of contributions from leading experts in their respective fields, and I
am deeply grateful for their insightful work. I would also like to express my sincere appreciation to
the editors, reviewers, colleagues, and research assistants. Their invaluable insights and support have
been instrumental in shaping the content and ensuring the accuracy of this reprint.

It is my sincere hope that this reprint will catalyze further innovation and applications of
biopolymers and biodegradable polymers, contributing to a more sustainable and environmentally

responsible future.

Vishal Gavande, Vasi Shaikh, and Won-Ki Lee
Guest Editors
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Abstract: For centuries, earthen materials have regained popularity because of the high
carbon emissions caused by the construction sector. Although earth-based materials possess
superior properties, such as recyclability, easy accessibility, affordability, and high thermal
conductivity, they are not without drawbacks. They are, for instance, relatively weak
and sensitive to water, and their physical and chemical properties can vary considerably
depending on the source from which they are obtained. Stabilisation is often used to
overcome these drawbacks. In this study, natural earth-based materials were stabilised
with biopolymers of organic origin, such as alginate, Arabic gum, xanthan gum, and
locust bean gum, to preserve their natural properties. To produce the samples, the earth
material used in the road sub-base layer was mixed with kaolin clay and silica sand,
and the mixtures were prepared by substituting biopolymer materials with clay at a
ratio of 0.1%. After determining the fresh unit volume weights, spreading diameters
(flow table test), penetration depths (fall cone test), and air content of the mixtures, the
flexural and compressive strengths of the cured specimens were measured. In addition,
scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses were performed
to determine the microstructural characteristics. According to the 28-day compressive
strength results, the mix with xanthan gum was found to be almost twice as strong as the
other mixes. It has been concluded that biopolymer-stabilised earth mixtures can be used
as a fill material in buildings where high strength is not required, or as a paving material
on low-traffic roads.

Keywords: earth roads; biobased materials; xanthan gum; new-generation pavement

1. Introduction

Earth-based natural materials have been used widely in the construction industry since
ancient times [1]. The use of energy-intensive materials, such as cement and bitumen, in this
sector has increased environmental problems. With growing interest in sustainable building
materials, earthen mixtures have once again come to the fore [2]. Currently, scientists
are exploring various methods to enhance the strength and durability of earth-based
mixtures, including stabilization techniques [3-5] and fiber reinforcement [6]. Additionally,
advancements in construction technologies, such as 3D printing, are gaining traction due
to their potential to optimise material usage, reduce waste, and incorporate sustainable
materials like recycled plastics and bio-based composites, thereby contributing to circular

Polymers 2025, 17, 864
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economy principles and sustainable building practices [7-10]. The increasing demand for
sustainable building materials has accelerated efforts to standardise earth-based mixtures’
design, application, and testing. Earth-based materials are often used in the construction of
unpaved roads [11-13], road sub-base layers [14], cycle paths, pedestrian roads [12], berms,
and some non-high-strength structures [15].

As demand increases, studies and strategies are being developed to replace depleted
petroleum resources with renewable resources that offer environmental and economic
benefits. In this context, the new goal in pavement engineering is to reduce the use of
bituminous materials and emphasise the use of renewable resources, such as biopolymers.
Biopolymers are preferred binders for earth-based materials because they are natural
materials derived from plants, animals, and microorganisms, have a low environmental
impact, and contribute to strength. These materials have been successfully used in the
construction sector to stabilise various building and road materials.

The stabilisation of earth-based materials with biopolymers is an emerging field,
driven by the need for sustainable construction practices and the reduction in environ-
mental impacts associated with traditional stabilisers, such as cement and lime [16,17].
Biopolymers, which are environmentally friendly and derived from natural sources, offer
a promising alternative with the potential to improve the mechanical properties of earth
structures while reducing carbon emissions [18]. However, the use of biopolymers is
challenging and still needs to be improved. Poor water resistance and susceptibility to
biodegradation can limit their effectiveness and durability [19]. Research is ongoing to
improve these properties through novel treatments, such as acetylation and the addition of
inorganic minerals. Studies have also shown that biopolymers, such as casein and sodium
caseinate, can significantly improve the compressive strength of treated sand, with factors,
such as curing time and temperature, playing a role in the stabilisation process [16,20].

The stabilisation of the earth is one of the primary methods for correcting the ex-
panding earth in response to moisture changes and improving its engineering quality [20].
Although there are many studies on soil stabilisation materials and techniques in the litera-
ture, there are only a limited number of studies on stabilisers (especially biopolymers) and
techniques recommended for earth-based pavements [21,22].

This study developed an earth-based unpaved road mix using biopolymers as binders
as an alternative to flexible and rigid pavements that use bitumen and cement as binders for
low-volume road pavements. The engineering properties of mixtures obtained by adding
biopolymers, which are also natural binders, to natural and locally available earth and
clay mixtures were investigated. The biopolymers used in this study, which investigated
the most effective type of biopolymer that could increase the strength and durability of
this earth-based mix, were selected from water-soluble gums [23]. Arabic gum (AG) from
the resin group, alginate (A) from seaweed extracts, locust bean gum (LBG) from seed
extracts, and xanthan gum (KG) from microbial gums were used. In this way, unlike
studies in literature, the effect of different categories of gums in earth-based mixtures
was investigated.

The water solubility of biopolymers is a key factor influencing their performance as
earth-stabilising agents. When dissolved in water, these biopolymers form hydrogels or
viscous solutions that enhance soil cohesion, modify rheological properties, and improve
mechanical stability [24]. Their capacity to interact with soil particles and pore water
enables them to function as binding agents, thereby reducing erosion, regulating moisture
fluctuations, and increasing soil strength [25]. Among water-soluble biopolymers, xanthan
gum, guar gum, alginate, and Arabic gum have demonstrated significant potential for soil
stabilisation due to their capacity to form cross-linked polymer networks. In particular,
xanthan gum and guar gum create three-dimensional hydrogel structures that improve the
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mechanical properties and durability of soil, making them highly suitable for road stabili-
sation [26]. Xanthan gum, in particular, has been shown to enhance water retention, reduce
evaporation and percolation, and mitigate soil erosion—critical factors in maintaining road
stability [23].

This study investigates the potential of biopolymer stabilisation in soil mixes by
incorporating four types of biopolymers—alginate, gum arabic, xanthan gum, and locust
bean gum—into a road sub-base soil mix with sand and kaolin clay. The primary objective
is to evaluate the feasibility of these stabilised mixtures as paving materials for low-traffic
roads. Fresh state properties were assessed and hardened specimens were tested for
mechanical strength and durability. In addition, the microstructural analysis provided
insight into the stabilisation mechanisms. The results contribute to a broader understanding
of biopolymer-stabilised soil materials and their role in sustainable road construction.

2. Materials and Methods
2.1. Materials and Specimen Preparation

In this study, a mixture of soil, sand, and clay stabilised with four types of biopolymers
to determine the most effective biopolymer for enhancing the mechanical performance of
an earth-based mixture. The primary soil used in the mixture was classified as silty sand
(SM) according to the Unified Soil Classification System (USCS), with a unit volume weight
of 2.35 g/cm3. This material, sourced from a road sub-base layer, was crushed and sieved to
a 0-2 mm particle size to ensure uniformity. The silica sand component, with a bulk density
of 2.47 g/cm?, was included in the 0-1 mm size range to enhance gradation. Kaolin clay,
supplied by ATA KIMYA (the company in Ankara, Tiirkiye) commercial limited company
as a dry, ground material packaged in 20 kg bags, was incorporated as binder. Figure 1

presents images of all raw materials used in this study.

Figure 1. Road subgrade earth, sand, and kaolin clay, from left to right.

The grain diameter distribution and chemical composition of kaolin clay were pro-
vided by ATA KIMYA (the company in Ankara, Tiirkiye), while the geotechnical properties
were determined through experimental tests conducted at the Soil Mechanics Laboratory
of Atatiirk University’s Faculty of Engineering. Hydrometer analysis confirmed that 100%
of kaolin particles passed through the 0.075 mm sieve. The chemical composition, analysed
via X-ray fluorescence spectrometry (XRF), and the geotechnical properties, obtained from
both laboratory experiments and the manufacturer’s published data, are presented in
Table 1.
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Table 1. Chemical and geotechnical properties of kaolin clay [27,28].

Chemical Properties Value (%) Geotechnical Properties

Value (%)

SiO, 69.10 Grain size < 0.002 mm, % 28
Al,O3 15.20 Grain size < 0.075 mm, % 100
Fe,O5 0.20 Specific gravity 2.63

CaO 0.10 Liquid limit, % 49

SO; 4.29 Plastic limit, % 26
Na,O 0.03 Plasticity index, % 23

KO 11.07 Optimum moisture content, % 25
CRy03 0.01 Maximum dry unit weight, kKN /m?3 13.2

Unconfined compressive strength, kPa 307

Alginate (A), Arabic gum (AG), xanthan gum (KG), and locust bean gum (LBG) were
added to the control mixture (C) to stabilise the earth-based mixture. The properties of the

biopolymers are listed in Table 2.

Table 2. Properties of biopolymers used.

Product Properties LBG A AG KG
CAS number 9000-40-2 14984-39-5 9000-01-5 11138-66-2
Appearance/ . White, powder, White, powder, White, solid,
texture/smell Pale white, no smell no smell slightly smelly no smell
pH 5.4-7 6.0-8.0 41-4.8 6-8
Density 124+ 0.1 g/cm? 1.6 g/cm3 1.15 g/cm? 1.5g/cm3
Molecular weight 226.66 g/mol 216.121 g/mol 180.41 g/mol 1016.8 g/mol
Molecular formula C10H11CIN202 C6H7O6Na C12H36 (C35H49029)n
E-code E410 E401 E414 E415
Dry mixes were prepared using 40% by weight road sub-base, 30% sand, and 30% clay.
Tap water was added to 20% of the total mix to ensure a suitable consistency for workability
in the control mix. To stabilise the mix, biopolymers were incorporated at 0.1% by weight
of clay, proportioned to the total clay content. The biopolymers were first dissolved in
water to form a slightly gel-like consistency before being incorporated into the dry mix.
In preliminary trials, the biopolymer ratio was initially set at 1% of the clay content,
but this resulted in excessive gelation, making the mixture too dense and highly viscous,
preventing proper mixing with the dry components. A subsequent 0.5% substitution was
tested, but the mix still had a solidified consistency that prevented proper moulding. Based
on these observations, a 0.1% biopolymer level was selected as it provided a workable
consistency that allowed for proper mixing and moulding. The final compositions of the
mixes used in this study are shown in Table 3.
Table 3. Earth-based mix designs stabilised with biopolymers.
Sample Material Amounts (%)
Code Earth Sand Clay Water A AG KG LBG
C 40 30 30 20 - - - -
A 40 30 29.9 20 0.1 - - -
AG 40 30 29.9 20 - 0.1 - -
KG 40 30 29.9 20 - - 0.1 -
LBG 40 30 29.9 20 - - - 0.1
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A 5-litre laboratory mortar mixer was used to prepare the mixtures. First, the dry
components were mixed for 1 min, then the biopolymer solution—prepared by dissolving
the biopolymer in water—was added. The mixture was then mixed at low speed for 1 min,
followed by a 1 min rest period, and finally mixed at high speed for 2 min. The biopolymers
were first dissolved in water for 2 min using a magnetic mixer before being incorporated
into the soil mixture.

For mechanical testing, 4 x 4 x 16 cm® beam specimens were prepared for flexural
strength evaluation, while 5 x 5 x 5 cm® cube specimens were cast for compressive
strength testing. Due to the gel-forming nature of biopolymers, specimens were manually
placed in moulds rather than compacted, as immediate compaction could result in uneven
density distribution and affect mechanical performance. The samples were left undisturbed
for 1 day at 21 + 2 °C and 50% relative humidity under laboratory conditions. After
demoulding, specimens were oven-dried at 60 °C for 1 day to ensure controlled moisture
removal and to maintain consistency across all specimens. This temperature was chosen to
prevent excessive shrinkage while promoting uniform drying. Whilst thermal drying can
increase the compressive strength of clay containing materials, the effect was consistent
across all mixtures tested, ensuring reliable comparisons. The samples were then cured
for 28 days at 23 & 2 °C and 65% relative humidity to allow further strength development
under controlled conditions.

2.2. Experimental Program

The unit volume weights, air content [29], spreading diameter (measured using a flow
table test to evaluate the viscosity and workability of the mixtures) [30], and penetration
depth (measured using a fall cone test to determine the thixotropic behaviour of the
mixtures) [31] were evaluated. The flow table test, typically used for cementitious materials,
was used in this study to evaluate the workability of biopolymer-stabilised mixtures. Due to
the gel-forming nature of biopolymers, conventional soil workability tests do not adequately
capture the changes in mix consistency. The flow table test provided a controlled assessment
of the flowability and deformation characteristics of the mixes, ensuring a standardised
comparison between different formulations.

The cured specimens were subjected to three-point flexure at 28 days and uniax-
ial compression tests at 28 and 56 days to evaluate their mechanical performance over
time. The loading rate was set at 0.004 MPa/s for the flexure test and 0.04 MPa/s for the
compression test.

Capillary water absorption tests were performed to assess the durability of the samples
according to the methodology outlined in [32]. This test evaluates the water absorption
capacity of the material over time, expressed as a percentage increase in mass relative to the
initial dry weight. To ensure consistency, the samples were dried in an oven at 40 + 2 °C
for seven days until a stable mass was reached, maintaining a uniform moisture content
prior to testing. After drying, the sides of the samples were sealed with tape to prevent
lateral water absorption. The capillary water absorption test was carried out by placing
the samples on steel rods in a tray, ensuring that only the lower surface (up to a height of
5 mm) was in contact with tap water. Water uptake was recorded as a percentage increase
in mass relative to the initial dry weight to ensure consistency with standardised reporting
methods. Results are presented as percentage mass gain (%) to allow comparability with
similar studies. Pictures of the test set-up are shown in Figure 2.
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Figure 2. Tests applied: (a) Air content determination; (b,c) Flow table; (d) Fall cone; (e) Sample
preparation; (f) Flexural strength; (g,h) Compressive strength; and (i,j) Capillary water absorption.

After 28 days of curing, all mechanical tests, including evaluation of compressive and
flexural strength, were performed. However, SEM and XRD analyses were carried out
on specimens taken from the specimens after 56 days. These analyses were carried out at
Atattirk University DAYTAM to investigate the microstructural properties. SEM images
were obtained using a Zeiss Sigma 300 scanning electron microscope. XRD analyses were
performed using a Malvern PANalytical EMPYREAN X-ray diffractometer (manufactured
in Almelo, The Netherlands) with Cu-« radiation (A = 1.54 A) on an X-ray diffractometer.
The scan range (20) was 10-90° with a scan speed of 4° /min, an operating voltage of 5 kV,
and an operating current of 40 mA.

3. Results and Discussion
3.1. Fresh State Results

This study investigated the potential of stabilising earth-based construction materials
with biopolymer materials to improve their mechanical properties. The results of the fresh
unit volume weight, air content, spreading diameter, and penetration depth tests of the
mixtures are plotted in Figure 3. In the graph in Figure 3, all fresh-state test results are
plotted together for comparison.
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Figure 3. Fresh-state test results.

Figure 3 shows that the unit volume weights of all mixes are below 2 g/cm?, and the
values show a very close distribution. In this study, the mix with the lowest unit volume
weight and the highest air content was observed in the xanthan gum-stabilised group. In
terms of penetration values, the highest penetration depth was obtained in the group with
alginate, while the lowest value was recorded in the group with locust bean gum. Based on
the flow table results, the lowest flow value was recorded in the group in which locust bean
gum was added, indicating that the mixture to which locust bean gum was added had a
more solid-like consistency and, therefore, a higher unit volume weight compared to the
other mixtures. Thus, the falling cone and flow table experiments supported each other. As
can be seen from the graph, the results from the flow table and the penetration depth are
generally in agreement, indicating that these two tests are effective tools for determining
the rheological properties of the mixtures, that is, their consistency. Mixing biopolymers
with water resulted in a gel-like consistency, increasing the viscosity of the mixtures, and
consequently resulting in a more solid structure.

3.2. Hardened State Results

The 28-day flexural strengths of the control group and all the groups to which the
biopolymer stabiliser was added are shown in Figure 4.
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0

C LBG A AG KG

Figure 4. Flexural strength test results.

Flexural Strength (MPa)

Analysis of the flexural strength results (Figure 4) shows that the highest flexural
strength was achieved in the KG group, reaching 0.65 MPa. The stabilisation process with
KG increased the flexural strength of the earth-based specimens by approximately 2%.
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Compressive Strength (MPa)
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Although this increase may seem small, even small improvements are significant given the
inherently brittle nature of earth-based materials.

In contrast, biopolymers other than KG had a negative effect on flexural strength.
Among the formulations tested, the KG group exhibited the highest consistency, as evi-
denced by its low unit volume weight, high air content, and cohesive behaviour. As can
be seen in Figure 2¢, the KG mix exhibited superior consistency compared to the other
formulations, despite its lower unit volume weight. This suggests that KG improves the
bonding between the soil materials, contributing to higher flexural strength.

The flexural strength test results support this observation, showing that the KG
group had a greater flexural strength capacity than the other groups. This finding re-
inforces the conclusion that KG acts as an effective binder, improving both cohesion, and
mechanical performance.

The 28 and 56-day compressive strength values of the earth-based specimens are
shown in Figure 5. In addition, the increasing trends representing the relationship between
the specimens in the figure are shown separately for the 28-day and 56-day compressive
strength results.

KG KG

A aG
|—| LBG

28 day 56 day

AG

LBG

Figure 5. Compressive strength test results for 28 and 56 days.

According to the results presented in Figure 5, the compressive strength at 56 days
increased across nearly all groups compared to 28 days, indicating that the soil-based speci-
mens continued to gain strength over time. This increase was particularly pronounced in
the control group without biopolymers, which exhibited an 84% strength increase compared
to 28 days. The increase in strength is likely due to densification, im-proved interparticle
bonding, and void reductions over time, which have been identified in soil mechanics
studies as key contributors to the strength development of soil-based materials [33-36].
Studies show that biopolymers, such as chitosan, xanthan gum, and guar gum, improve
interparticle bonding and significantly increase soil strength [37,38]. For example, the
chitosan biopolymer increased the compressive strength of sand by up to 320 kPa and
improved the cohesion by 34.2 kPa [38], while the combination of xanthan gum and guar
gum resulted in a greater shear strength than individual treatments [39].

The KG group exhibited the highest compressive strength at both 28 and 56 days, with
almost identical values at both time points. This suggests that xanthan gum promoted
early strength development by improving cohesion, water retention, and interparticle
bonding through its hydrogel-forming ability. Unlike hydraulic binders, such as cement,
xanthan gum does not undergo hydration reactions but instead forms a three-dimensional
polymeric network that fills soil pores, improves load distribution, and reduces voids,
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leading to improved mechanical performance. Its hydrogel formation plays a critical role in
soil stabilisation by cementing soil particles together, significantly improving inter-particle
cohesion [40,41]. Studies have shown that even a 1% xanthan content can increase cohesion
by 3.8 to 14 times compared to untreated soil [42]. In addition, its water-retaining properties
help to retain moisture in the soil pores, further contributing to its stabilising effect [43].

In contrast, the LBG group exhibited the lowest compressive strength, even lower than
the control group, indicating that LBG was ineffective in improving the strength of earth-
based mixtures. Cheng and Geng [44] compared the effectiveness of different biopolymers
in improving the unconfined compressive strength (UCS) of clay and found that sodium
alginate provided the highest UCS improvement, while LBG was not specifically identified
as an effective stabiliser.

The AG (Arabic gum) group showed a gradual increase in strength, reaching values
close to those of the control group at 28 days and approximately 90% of its maximum
strength at 56 days. However, as its compressive strength remained lower than that of
the control mix, it cannot be classified as a strength-enhancing binder. While Brzyski [45]
reported that Arabic gum at concentrations of 3% and 5% significantly increased the
flexural strength (by ~300%) and compressive strength (by 25% and 60% respectively) in
lime-metakaolin pastes, the results of this study suggest that the effectiveness of AG as a
binder is limited for the soil-based mixtures tested. Similarly, the A group (alginate) showed
a 30% increase in strength at 56 days compared to 28 days, indicating that while it improved
in strength over time, its performance was less effective than that of the AG group.

The earth-based samples were subjected to capillary water absorption tests for dura-
bility testing. The results of the capillary water absorption tests are presented in Table 4.

Table 4. Capillary water absorption test results.

Sample Beginning 2 min Later 6 min Later 30 min. Later Mass
Weight (g) Weight (g) Weight (g) Change (%)
C 204.19 206.63 206.39 195.39 (—)4.31
A 188.11 188.76 190.43 170.61 (—)9.3
LBG 190.62 203.04 206.06 219.12 ** (+) 14.95
AG 198.48 185.44 178.36 * (—)10.14
KG 195.60 201.98 203.79 215.33 (+) 10.09

* Disintegrated before leaving water. ** Water level reached top of sample.

During the capillary water absorption test, the KG and LBG samples continued to gain
weight due to water absorption after immersion, while the C, A, and AG samples began to
dissolve and lose weight within minutes.

For the KG and LBG samples, capillary water reached the top surface within 30 min,
and both remained intact during this period. However, after 30 min, they began to disperse,
and the test was terminated. Despite the negative effect on mechanical properties, locust
bean gum (LBG) exhibited temporary resistance to water penetration before eventually
disintegrating. The poorest water resistance was observed in the AG group, where samples
disintegrated and lost material immediately upon immersion.

KG improved both mechanical properties and durability, improving also resistance to
water absorption.

3.3. Micro Structural Analysis Results

The graphs obtained from the XRD analysis of the samples taken after the 56-day
compressive strength test are shown in Figure 6.
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Figure 6. XRD graphs of earth-based mixtures stabilised with biopolymers.

The XRD analysis of the mixtures (Figure 6) revealed the presence of ceramic-based
minerals, including quartz, kaolinite, feldspar, smectite, and illite, with no significant
differences observed between the control and biopolymer-modified samples. The absence
of biopolymer-related peaks in the XRD spectra is consistent with the findings in the
literature, which highlight that XRD primarily detects crystalline structures and has a
limited sensitivity to non-crystalline or amorphous organic compounds [46]. Research has
demonstrated that biopolymers introduced at low substitution rates (<1%) frequently fall
below the detection threshold of XRD due to their weak diffraction signals and amorphous
nature [47,48].

Furthermore, the presence of biopolymers may be diminished by high-energy irra-
diation, thereby further reducing their detectability in XRD analysis [37]. Despite their
absence in XRD spectra, biopolymers have been documented to improve soil cohesion
and mechanical performance through physical interactions, such as hydrogel formation,
interparticle bonding, and moisture retention, rather than through crystalline phase alter-
ations [39,40,49].

These enhancements occur without compromising the crystalline structure of soil
minerals. Instead, biopolymers form fibrous and reticulated networks that fill voids, bond
soil particles, and enhance interparticle cohesion, leading to increased strength, water
stability, and erosion resistance [40].

The SEM images used to visualise the microvoids and bond structures formed in the
control, LBG, A, AG, and KG group samples are shown in Figure 7.

The SEM analysis (Figure 7) confirmed the presence of clay minerals in all mixtures.
However, due to the low substitution rate (0.1%) of biopolymers, no pronounced biopoly-
mer bonds with earth-based materials were observed. This finding supports the XRD
and compressive strength results, suggesting that the biopolymers affected soil properties
through physical rather than chemical interactions.

The LBG and KG groups exhibited a more crystalline mineral structure, while other
groups exhibited a more reticulated morphology. A closer examination of the KG sample
at 100 x magnification (lower right-hand corner of Figure 7) revealed large capillaries and
macrovoids, a feature observed in all groups. The high percentage of voids was identified
as a key factor contributing to the poor mechanical and durability performance of the
earth-based mixes.
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Figure 7. SEM images of the mixtures.

4. Conclusions

This study investigated the potential for improving the mechanical properties of
earth-based building materials by stabilising them with four types of biopolymer materials
(xanthan gum, Arabic gum, alginate and locust bean gum).

The addition of the biopolymer reduced the unit volume of the mixture. The mixtures
stabilised with xanthan gum reached a more solid consistency despite having a low unit
volume weight and high air content. When biopolymers were mixed with water, they
changed to gel consistency and increased the viscosity of the mixtures.

The incorporation of biopolymers improved both flexural and compressive strength,
demonstrating their potential as binders in soil-based materials. Among the formulations

11
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References

tested, xanthan gum exhibited the highest strength values at both 28 and 56 days and
showed the greatest resistance to capillary water absorption.

Microstructural analyses (XRD and SEM) confirmed the presence of crystalline min-
erals but did not detect biopolymer components, probably due to their non-crystalline
nature and low substitution rate (0.1%). While the SEM analysis revealed differences in
bonding structures and the presence of macrovoids, further investigation is needed to
better understand biopolymer—soil interactions at the molecular level.

Therefore, Fourier Transform Infrared (FTIR) spectroscopy is recommended as it can
identify functional groups in biopolymers and detect potential chemical interactions between
biopolymer molecules and soil particles that are not captured by SEM or XRD analyses.

In conclusion, this study showed that the mechanical and durability properties of
earth-based building materials can be improved when stabilised with biopolymers. Of
the biopolymer types investigated in this study, xanthan gum improved the properties
of the earth-based mix more than the other biopolymers. Biopolymers can be effective
components in the development of sustainable building materials and can potentially
reduce environmental impact and improve material performance. Based on the results
of this study investigating the effective biopolymer type, it is recommended that future
research should investigate the optimum biopolymer substitution ratio and the results of
advanced day strengths (90, 180, and 360).

While biopolymer-based stabilisation is an emerging and promising approach to
sustainable construction, a universally accepted standard for evaluating its performance
has yet to be established. However, this study provides a quantitative assessment of
mechanical and durability properties, consistent with previous research on biopolymer-
stabilised soils. The results show that xanthan gum significantly improves cohesion, flexural
strength, and water resistance, highlighting its potential for soil-based stabilisation. Future
research should prioritise the development of standardised test methods to enable wider
adoption and comparative analyses within the construction industry.
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Abstract: Biobased organic diols derived from the phenolic aldehyde by-products in the
depolymerization of lignin (4-hydroxybenzaldehyde, vanillin, and syringaldehyde) for
the synthesis of polyesters and polyurethanes is described. Methods to prepare lignin-
based diols involved a two-step synthetic route using either a hydroxy alkylation and
aldehyde reduction or an aldehyde reduction and Williamson—Ether substitution. The
preparation of five polyesters (PEs) and ten polyurethanes (PUs) from lignin-based diols
was also performed and their physical and thermal properties were analyzed. DSC analysis
confirmed the amorphous nature of all synthesized polymers, and GPC analysis revealed
broad dispersities and high molecular weights. Two PE polyols were also derived from a
vanillin-based diol at concentrations of 10 and 25 wt% for their usage in sustainable PU
foams. PU foams were prepared from these polyols, where it was found that only the
foam containing the 10 wt% formulation was suitable for mechanical testing. The PU foam
samples were found to have good hardness and tensile strengths compared to both control
foams, showing potential for the incorporation of biobased polyols for PU foam formation.

Keywords: vanillin; 4-hydroxybenzaldehyde; syringaldehyde; lignin; biobased; polyesters;
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1. Introduction

Polymers are an important part of everyday life, with applications such as packaging,
clothing, medical, and electronics, to name a few [1,2]. More recently, the polymer industry
has embraced the move towards sustainability to lessen the dependency on fossil fuel-based
resins [3]. In particular, the use of renewable feedstocks, such as biomass, as an alternative to
fossil fuels is promising [3,4]. Lignocellulose is an abundant and renewable biomass source
that has the potential to produce sustainable chemicals and materials [5]. Lignin, one of the
three main components of lignocellulose, is an aromatic macromolecule comprising three
phenylpropanoid structures, p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol,
which then give rise to soluble small molecules, p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) units [6,7]. Vanillin is a G-type phenolic aldehyde derived from various biomass
sources, including oil, woody biomass such as lignin, or orchid pods, and is used as a
vanilla flavouring agent in the cosmetic and food industry [8]. 4-hydroxybenzaldehyde is
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an H-type phenolic aldehyde that is also one of the main components of the vanilla flavour
in vanilla pods [9]. Syringaldehyde is an S-type phenolic aldehyde that can be isolated
from Klason lignin by treating spruce or maple wood with alkali solutions [10]. All three
compounds are obtainable by depolymerization methods of lignin, thereby making them
potential candidates for the synthesis of biobased polymers [11].

Polyurethanes (PUs) are a class of polymers that can be used in various markets for
applications as foams, coatings, and elastomers, among others [12]. PUs are synthesized
from the polyaddition reaction between the hydroxyl (OH) groups of a diol or polyol
with the isocyanate (N=C=0) groups of diisocyanates [13]. Most polyols used for PU
synthesis typically have low molecular weights (My’s) and comprise either polyesters
(PEs) or polyethers [13,14]. Both types of polyols are used for PU foam synthesis, with PE
polyols offering the advantage of being more stable towards oxidation but more susceptible
to hydrolysis and the reverse being true for polyether polyols [15]. Since the bulk of
these components used to prepare PUs are derived from petrochemicals, more sustainable
approaches to PUs have been investigated, including the use of biobased diisocyanates and
the incorporation of polyols obtained from renewable feedstocks [16,17].

PEs are a class of polymers that are typically used for plastic packaging or in clothing
fibers [4,18]. PEs are synthesized by the polycondensation reaction between the carboxylic
acid or ester groups of diacids with the OH groups of diols or polyols, resulting in the
formation of water or methanol (MeOH) as a by-product [19]. Like PUs, there has been
recent interest in finding more sustainable sources of PEs [2]. Aliphatic PEs have gained
considerable attention since they have biodegradable properties and are susceptible to
hydrolysis [20,21]. Since most aliphatic PEs have limited uses due to low softening points
and melt temperatures, the incorporation of a rigid benzene ring in their structure to form
aliphatic-aromatic PEs improves both their mechanical properties and thermal stability
compared to aliphatic PEs alone [21].

While lignin itself has been utilized in the direct synthesis of PUs [22,23], PEs [20], or
polyols [24,25], the incorporation of lignin-derived phenolic aldehydes for these applica-
tions is of interest. One method to utilize these phenolic aldehydes is by first converting
them to a diol. A study by Zhao et al. successfully made a vanillin-based diol to syn-
thesize both PEs and PUs [26]. Here, the phenol group on vanillin was first hydroxy
alkylated using ethylene carbonate in the presence of tetrabutylammonium iodide (TBAI)
as a phase-transfer catalyst to yield 4-(2-hydroxyethoxy)-3-methoxybenzaldehyde (HMBD)
at elevated temperatures (110 °C for 24 h). The aldehyde group was then reduced us-
ing sodium borohydride (NaBH,4) in MeOH at room temperature (RT) to produce the
desired diol 2-(4-(hydroxymethyl)-2-methoxyphenoxy) ethan-1-ol (HMEO). PEs were syn-
thesized using either oxalyl chloride, succinyl chloride (SC), terephthaloyl chloride or
2,5-furandicarbonyl dichloride as the diacyl chlorides in anhydrous pyridine and tetrahy-
drofuran (THF). PUs were synthesized using either hexamethylene diisocyanate (HDI),
isophorone diisocyanate (IPDI), or methylene diphenyl diisocyanate (MDI) in anhydrous
THEF with 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU) as a catalyst [26]. Canceill et al. syn-
thesized an alternative diol based on vanillin for their use as cryptophanes [27]. In this
study, vanillin was reduced to vanillyl alcohol and then dimerized using various dihalides
in ethanol (EtOH) under reflux for 3 h [27]. Similar derivatives of these diols have also been
synthesized from 4-hydroxybenzaldehyde [28,29] and syringaldehyde [30].

The main goal of this study is to prepare PEs and PUs from these lignin-derived
phenolic aldehydes. In the first step, diols from these compounds are synthesized in one
of two ways (Scheme 1): a hydroxy alkylation and aldehyde reduction or an aldehyde
reduction and Williamson-Ether substitution. PUs are synthesized using either MDI or
1,5-pentamethylene diisocyanate (PDI) (Scheme 2a) while PEs are synthesized using SC
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(Scheme 2b). In lieu of an additional diacid chloride for PE synthesis, one of the vanillin-
based diols is utilized in the synthesis of a low M,, PE polyol to be used in PU foam
formation using succinic acid (SA) and 1,3-propanediol (PDO) (Scheme 3). The properties
of these polymers are also investigated.
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Scheme 1. Synthetic routes for the preparation of organic diols from phenolic aldehydes for polymer
synthesis: (a) hydroxy alkylation with ethylene carbonate and aldehyde reduction with NaBHj.
(b) Aldehyde reduction with NaBH, and Williamson-Ether synthesis with 1,3-dibromopropane.
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Scheme 2. Synthetic routes for (a) PUs from MDI or PDI and (b) PEs from SC.
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Scheme 3. Synthesis of a PE polyol from diol 2.

2. Materials and Methods
2.1. Materials

Vanillin, 4-hydroxybenzaldehyde, syringaldehyde, NaBH,4, TBAI, tetrabutylammo-
nium bromide (TBAB), SC, and anhydrous pyridine were purchased from MilliporeSigma
Canada in Oakville, ON. Ethylene carbonate and 1,3-dibromopropane were purchased
from Alfa Aesar in Ward Hill, MA. MDI, PD], 1,4-diazabicyclo[2.2.2]octane (DABCO 33LV),
SA, PDO, titanium (IV) triethanolaminato isopropoxide (8.2 Ti wt%) (Organotix TC-400),
triethyl citrate (TEC), Tegostab B4113, and orange dye paste (Dye 2012C) were supplied by
Evoco Ltd in Toronto, ON. Anhydrous THF was dried using an SPS solvent purification
solvent. All other solvents were reagent grade and used as received. All reactions carried
out in a nitrogen environment were performed using standard Schlenk line techniques.

2.2. General Synthesis of Phenoxy Diols (Diols 1-3)

In a 100 mL round bottom flask, phenolic aldehyde (5.00-10.00 g), ethylene carbonate
(1.1 equiv.), and TBAI (1 mol%) were added. The reaction was refluxed at 160 °C under
N> and the reaction was monitored by thin layer chromatography (TLC) until completion
(6-24 h). After cooling to RT, the material solidified in a quantitative yield and was used
without further purification. Afterwards, the hydroxy alkylated aldehyde was dissolved
in MeOH (50-100 mL) and cooled to 0 °C in an ice bath. NaBH4 (1 equiv.) was slowly
added to the solution and the reaction was monitored by TLC until completion (1-3 h). The
solvent was removed via rotary evaporation to yield a waxy solid in a quantitative yield
that was used without further purification.

2.3. General Synthesis of Bis(Phenolic Alcohols) (Diols 4-5)

In a 125 mL Erlenmeyer flask, 5.00-10.00 g of vanillin or 4-hydroxybenzaldehyde were
dissolved in NaOH (1 M, 50-100 mL) and cooled to 0 °C on an ice bath. NaBHjy4 (1 equiv.)
was slowly added to the solution with cooling and the reaction was stirred for 1 h at RT.
HCl (3 M) was added dropwise until a slightly acidic pH was reached, after which a white
precipitate formed. The solution was left to sit until crystallization was complete, then it
was vacuum filtered and washed with ~15 mL of cold H,O (Yield = 58-65%). The reduced
alcohol (2.00 g) was then dissolved in a saturated solution of TBAB in water (7 mL). NaOH
(10 M, 1.3 mL) was added along with 1,3-dibromopropane (0.5 equiv.) and the mixture
was refluxed for 3 h. The solution was cooled to RT and the product was isolated by
vacuum filtration and washed with ~15 mL of DCM to obtain a beige or white powder
(Yield = 96%).

2.4. General Preparation of PUs

The diol (1.00 g) was added to a 100 mL 3-neck round bottom flask along with
anhydrous THF (20 mL) and DABCO (3 mol% based on diol amount). MDI or PDI (1 equiv.)
was added under N, and the reaction was stirred at 30 °C for 24 h, after which the mixture
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was precipitated or washed in cold MeOH (MDI) or hexanes (PDI) to remove any unreacted
diol or diisocyanate.

2.5. General Preparation of PEs

The diol (1.00 g) was added to a 100 mL 3-neck round bottom flask along with
anhydrous THF (20 mL). Anhydrous pyridine (2.2 equiv.) was added dropwise to the
stirred solution at 0 °C under N, followed by a dropwise addition of SC (1 equiv.), after
which the by-product, pyridine hydrochloride, immediately precipitated out of solution
as a pink powder. The reaction was warmed to RT and stirred for 24 h. The by-product
was filtered off via vacuum filtration and discarded. The brown filtrate was transferred to a
round bottom flask and solvent removed via rotary evaporation. The product was stored
in a desiccator to form either brown oil or powder.

2.6. General Preparation of PE Polyols

For exact amounts of materials and reaction conditions used, please refer to the
supplementary section (Tables S3 and S4). To a 500 mL 3-neck round bottom flask equipped
with a heating mantle, temperature probe, nitrogen outlet, and a water condenser, an
appropriate amount of PDO was added. A mechanical stirrer was used to mix the solution
at ~200 rpm and the temperature set to 100 °C. SA was added slowly, followed by diol 2.
Aluminum foil was wrapped around the flask and the nitrogen flow set to 0.25 L/min. The
water condenser was turned on to remove any excess water from the reaction mixture. After
an hour, the condenser was turned off and the temperature was adjusted to 185 °C. AV and
viscosity measurements were recorded twice a day and when necessary, additional TC-400
or PDO were added. The reaction was stopped when the AV measurements were found to
remain constant (~6—7 days), and the polyol transferred into a 500 mL plastic container.

2.7. Preparation of PU Foams
2.7.1. PU Foam Premix

To a 500 mL container, 120.00 g of the polyol, 36.00 g of TEC, 4.80 g of PDO, 1.01 g of
dH,O, 0.66 g of Tegostab B4113, 0.96 g of DABCO 33 LV, and 4.46 g of orange dye paste
(Dye 2012C) was added. The solution was then mixed for 2 min using a homogenizer at
1800 rpm. The premix (~95 g) was poured into an 18 L cup for plaque formation while
~57 g was poured into a 12 L cup for free rise analysis.

2.7.2. PU Foam Free Rises

The premix was stirred for 30 s at 1800 rpm, then ~24 g of MDI was injected via a
syringe. The mixture was homogenized for an additional 5 s, and ~30 g of this mixture
was poured into a small paper cup and the cream time, rise time, and tack free time
were analyzed.

2.7.3. PU Foam Plaque Moulds

The premix was stirred for 30 s at 1800 rpm, then ~39 g of MDI was injected via a
syringe. The mixture was homogenized for an additional 5 s, and ~125 g of this mixture
was poured into a plaque mould with a volume of 311 cm3 and kept at a temperature of
50-55 °C. The mixture was allowed to cure in the mould for 20 min, yielding a PU elastomer
foam having a plaque density of ~0.32 g/cm3.

2.8. Characterization Methods

For the diols, PEs, and select PUs, characterization by IH and 13C nuclear magnetic
resonance (NMR) were carried out on a 400 MHz Bruker Avance II spectrometer using
deuterated acetone (Acetone-dg), deuterated chloroform (CDCl3), deuterated methanol
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(CD30OD), or deuterated dimethyl sulfoxide (DMSO-dg) as the solvent. IH NMR spectra
(400 MHz) and 13C NMR spectra (101 MHz) were referenced against the internal standard
tetramethylsilane (TMS). For the remaining PUs, 'H and '3C NMR were carried out on a
600 MHz Bruker Avance II spectrometer using DMSO-dg or CDCl; as the solvent. Fourier
Transform Infrared Spectroscopy (FTIR) analysis was performed on an Agilent Cary 630
FTIR Spectrometer. Differential Scanning Calorimetry (DSC) was completed on a DSC Q20
TA Instrument at a heating rate of 10 °C/min in an aluminum Tzero pan with approximately
10 mg of sample under a nitrogen atmosphere with a flow rate of 20 mL/min. The third
cycle was used for sample analysis. Thermal gravimetric analysis (TGA) was conducted on
a PerkinElmer TGA 4000 under a nitrogen atmosphere with a flow rate of 40 mL/min and
a heating rate of 10 °C/min in a Platinum HT pan with approximately 10 mg of sample.
Elemental analysis was performed at McMaster University in Hamilton, Ontario. GPC of
the PUs was determined using a TOSOH GPC-WS instrument equipped with two TSKgel
a-M 13 mm mixed bed columns, a refractive index, and viscometer detector in conjunction
with a Wyatt DAWN HELOS multi-angle light-scattering detector. DMSO at 70 °C was used
as the eluent (0.5 mL/min, 70 °C, 1.00 mg/mL). Prior to injection into the GPC, each sample
was filtered through a 0.22 mm PTFE filter to remove any particulates that could clog or
disrupt the GPC column. Viscosity was measured using a CAP 2000+ Viscometer at 70 °C
at a speed of 50 rpm. Acid value (AV) measurements were performed by titration with a
0.1 N solution of potassium hydroxide (KOH) in EtOH and 3-5 drops of phenolphthalein
as an indicator. Samples were first dissolved in THF, and the volume of titrant used to
cause a color change was recorded to determine the AV. The OH number measurements
were performed on a Metrohm 848 Titrino plus following ASTM E1899-08 [31].

2.9. Mechanical Testing of PU Foams

The ADMET eXpert 7601 Tensile Tester was used to evaluate split tear strength, and
the Instron 345C-1 was used to measure tensile strength, tensile elongation, and Die C
tear strength. Tensile test samples of the PU foams were prepared in dog-bone shapes
using a die cutter. The samples had dimensions in accordance with one or more of ASTM
D412, ASTM D3574-17, and SATRA TM-2 standards [32,33]. Each sample was placed
between clamps of the tensile tester, and the appropriate force was applied to the sample at
a particular rate to measure the characteristics and properties of the PU foams. PU foam
hardness was measured on an Asker C scale.

3. Results

3.1. Synthesis and Characterization of Organic Diols
3.1.1. Phenoxy Diols

4-hydroxybenzaldeyde, vanillin, and syringaldehyde were subjected to a hydroxy
alkylation reaction following a modified literature procedure (Scheme 1a) [34]. A slight
excess of ethylene carbonate was utilized with catalytic amounts of TBAI under solvent-
less conditions to synthesize the target intermediates [4-(2-hydroxyethoxy)benzaldehyde
(HEB) from 4-hydroxybenzaldehyde, HMBD from vanillin, and 4-(2-hydroxyethoxy)-3,5-
dimethoxybenzaldehyde (HEDB)] from syringaldehyde. The reaction conditions proposed
by Sacripante et al. on rosin acids indicated complete conversion after 6 h [34]. Moni-
toring the reaction by TLC showed that vanillin was fully converted after this allotted
time, whereas 4-hydroxybenzaldehyde and syringaldehyde were fully converted after
24 h. The 'H NMR spectra for all three intermediates revealed two triplets in the 3-4 ppm
range (Figures S1, S5 and S9), while the '>*C NMR spectra displayed two new signals at
~60 and 70 ppm (Figures S2, S6 and S10), indicative of the newly formed methylene groups.
Afterwards, the aldehyde was reduced to a primary alcohol following the procedure by
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Zhao et al. [26]. The intermediates were dissolved in MeOH, and the solution was cooled
to 0 °C. One equivalent of NaBH,4 was then added before slowly warming the solution
to RT. A TLC indicated that HEB and HMBD fully reacted after only 1 h to form diols 1
and 2, respectively, while HEDB required 3 h to form diol 3. 'H NMR analysis showed
that the aldehyde proton resonances at ~9.9 ppm disappeared completely, and a new
resonance at ~4.4 ppm appeared, representing the two protons on the primary alcohol
(Figures S3, S7 and S11). 3C NMR analysis also confirmed the disappearance of the alde-
hyde signal at ~190 ppm and a new signal at ~63 ppm (Figures S4, S8 and S12). 'H and
13C NMR spectroscopy confirmed the structures of the intermediates and diols and agreed
with previously reported literature values [26,28,30].

3.1.2. Bis(Phenolic Alcohols)

4-hydroxybenzaldehyde and vanillin were first reduced using NaBH, in NaOH, fol-
lowed by an acid workup with HCI to form 4-hydroxybenzyl alcohol (HBA) and vanillyl
alcohol (VA), respectively (Scheme 1b) [35]. Similar to diols 1 and 2, the 'H NMR spectra
for HBA and VA revealed the absence of the aldehyde protons and a new resonance at
~4.5 ppm (Figures S13 and S17), while the 1*C NMR spectra revealed a new resonance at
~63 ppm (Figures 514 and 518), indicative of the newly formed alcohol, which agrees with
previously reported data [35,36]. The reduced alcohols were then dimerized following a
modified procedure by Canceill et al. [27]. The dihalide used was 1,3-dibromopropane
with a concentrated NaOH solution, along with a saturated solution of TBAB and H,O.
Diols 4 and 5 were successfully synthesized after refluxing the mixtures for 3 h. 'TH NMR
analysis showed two new signals: a triplet at ~4.1 ppm for the two methylene protons
near the oxygen atoms and a quintet at ~2.1 ppm for the protons in between the methylene
protons (Figures S15 and S19). '3C NMR analysis also confirmed the structures of 4 and 5
with the addition of carbon signals at ~65 and 29 ppm (Figures 516 and S20). The results
are in agreement with previously reported literature values for diols 4 and 5 [27,29]. FTIR
analysis of all five diols also showed the presence of the O-H stretch (Figure S21) to further
confirm their successful synthesis.

3.2. Synthesis and Characterization of PUs

For PU synthesis, diols 1-5 underwent a polyaddition reaction following a modified
literature procedure with a diisocyanate using DABCO 33LV as the catalyst and anhydrous
THEF as the solvent (Scheme 2a) [26]. These conditions were utilized due to the ability
to synthesize thermoplastic PUs at lower temperatures, allow for proper mixing of all
components on a small scale, and explore the properties of these PUs for their potential
application in PU foams. MDI and PDI were selected as the diisocyanates since MDI
is a commonly used petroleum-derived aromatic diisocyanate while PDI is a biobased
aliphatic diisocyanate [37]. The resulting polymers were either white or beige powders
after precipitation. The yields ranged from 26 to 98%, where it was observed that the PUs
synthesized from MDI typically had higher yields compared to PDI. The overall properties
of the PUs are summarized in Table 1.

'H NMR analysis of PU-1M, PU-2M, PU-3M, PU-4M, and PU-5M showed an increase
in the integration of the aromatic protons in between 6.8 ppm and 7.3 ppm, confirming the
presence of the MDI backbone (Figures S22, 526, S30, S34 and S38). There was also a broad
singlet at ~3.6 ppm representative of the methylene bridge. Due to the poor solubility of
select samples, '>C NMR analysis did not always reveal all the respective signals for the
polymers. However, they all showed the presence of aromatic carbons (Figures 523, 527,
S31, S35 and S39). 'H NMR analysis of PU-1P, PU-2P, PU-3P, PU-4P, and PU-5P showed
new signals at ~1.3 ppm and ~2.9 ppm, which correspond to the aliphatic protons from
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PDI (Figures 524, S28, 532, 536 and 540). For 13C NMR analysis, new resonances between
20 ppm and 30 ppm were typically observed, which were indicative of the PDI backbone
(Figures 525, 529, S33, 537 and S41). FTIR analysis also confirmed the synthesis of all PUs,
with the broad O-H stretch previously observed in the diols being replaced with an N-H
stretch appearing at ~3300 cm ™! and the C=0O urethane stretch at ~1690-1700 cm ™! for
each of the ten PUs (Figures S52 and S53). An additional C-H stretch between 2800 and
2900 cm ! was observed for PU-1P to PU-5P, confirming the presence of the aliphatic
carbons from PDIL

Table 1. Characterization Data of PU Polymers.

Sample Diol Diisocyanate Yield (%) Tg (°C) Tq (5%) (°C) Ty (50%) (°C) My (Da) M, (Da) b Mw/M,,)
PU-1IM 1 MDI 23 128.6 235 467 3186 2477 1.3
PU-1P 1 PDI 18 21.0 187 346 65,500 36,700 1.8
PU-2M 2 MDI 98 163.8 205 438 158,000 71,200 2.3
PU-2P 2 PDI 40 —-1.7 196 337 48.400 32,600 1.5
PU-3M 3 MDI 40 153.3 256 386 12,460 4645 2.7
PU-3P 3 PDI 31 343 201 332 61,000 34,700 1.8
PU-4M 4 MDI 97 183.8 167 372 - - -
PU-4P 4 PDI 63 62.2 231 406 10,700 3910 2.7
PU-5M 5 MDI 95 103.8 164 389 - - -
PU-5P 5 PDI 86 18.3 202 367

DSC analysis demonstrated that all of the PUs are amorphous, with only one glass
transition temperature (Tg) being present in each PU (Figure 1a,b). The Tgs ranged from
—1.7 to 183.8 °C, with the Tgs of the PUs synthesized with MDI being greater than those
synthesized with PDI. This was to be expected as MDI is a more rigid diisocyanate due
to the presence of the phenyl rings and therefore requires a higher temperature for the
PU to transition from a glassy hard state to a rubbery state. Conversely, PDI is a more
flexible diisocyanate since it contains aliphatic carbons, thereby not needing as much
energy to cause a transition in the PU. It was also observed that PU-4M and PU-4P had
the highest Tgs compared to the other PUs, which could be due to the large size of the
starting diol 4 compared to diols 1-3 and the lack of steric hindrance due to the absence
of methoxy substituents, although no noticeable trend was observed between the PUs.
TGA analysis investigated the decomposition temperature (Tq) of the PUs at 5% and 50%
weight loss (Figure 1c,d). For the PUs synthesized from diols 1-3, the MDI containing
polymers exhibited higher thermal stability at 5% and 50% compared to the PDI containing
polymers due to the rigidity and flexibility of the respective starting diisocyanates. At 50%
weight loss, it was observed that increasing steric hindrance resulted in decreasing thermal
stability for these polymers. For the PUs synthesized from diols 4-5, the opposite trend
was observed, where the PDI containing polymers showed slightly greater thermal stability
than the MDI containing polymers, particularly at 5% weight loss. This may be due to the
ether linkage present on the starting diol, leading to an increase in flexibility of the overall
polymer. It was also observed that PU-3M and PU-1M had the highest thermal stability at
5% and 50% weight loss, respectively, compared to the other PUs, which may also be due
to the presence or absence of methoxy groups and the bulkiness of the aromatic rings. The
derivative weight change for all PUs typically showed two or three decomposition stages
(Figures S55 and S56), indicative of the breakdown of not only the aromatic rings but also
the urethane linkages [26].
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Figure 1. (a) DSC traces of PUs synthesized from MDI (exotherm down). (b) DSC traces of PUs
synthesized from PDI (exotherm down). (c) TGA curves of PUs synthesized from MDI. (d) TGA
curves of PUs synthesized from PDI.

GPC analysis was performed on all PUs except for PU-4M, PU-5M, and PU-5P due to
their poor solubility in DMSO. Apart from PU-1M, all PUs had My s greater than 10,000 Da.
PU-2M was found to have the highest My while PU-1M had the lowest My, The high My
of PU-2M could be attributed to having a higher degree of polymerization; however, no
obvious trends were observed between PU-2M and the other PUs. All analyzed PUs were
also found to have broad dispersities greater than or equal to 1.3, which was to be expected
due to the polyaddition reaction taking place between the diol and diisocyanate. Elemental
analysis (EA) revealed the carbon and hydrogen content found in the PUs to closely match
what was expected for the carbon end groups on the polymer chains within 3% accuracy
(Table S1). The only exceptions were PU-1P and PU-2P, where the found carbon content
was significantly lower or higher than the calculated content by at least 10%.

3.3. Synthesis and Characterization of PEs

For PE synthesis, diols 1-5 underwent an acylation reaction following a previously
reported literature procedure using an esterifying agent, anhydrous pyridine as the cata-
lyst, and anhydrous THF as the solvent (Scheme 2b) [26]. SC was selected as the diacid
chloride due to the fact that the polymerization reaction can occur at RT as opposed to the
higher temperatures required of its carboxylic acid counterpart, SA [38]. After the reaction
proceeded for 24 h and the by-product was removed, the resulting polymers were either
oil (PE-1, PE-2, and PE-3) or powder (PE-4 and PE-5). Yields ranged from 50 to 79%. The
overall properties of the PEs are summarized in Table 2.
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Table 2. Characterization Data of PE Polymers.

Sample Diol Yield (%) Ty (°C) Tq (5%) (°C) Tq (50%) (°C)
PE-1 1 56 - 127 311
PE-2 2 58 204 138 329
PE-3 3 50 =51 151 364
PE-4 4 79 - 176 395
PE-5 5 70 40.4 192 398

In all five PEs, 'H NMR analysis introduced a new broad singlet at ~2.7 ppm repre-
sentative of the SC protons (Figures 542, S44, 546, 548, and S50) while 13C NMR analysis
showed two new signals at ~172 ppm for the C=O ester carbons and ~29 ppm for the
aliphatic ester carbons (Figures 543, 545, 547, S49 and S51). FTIR analysis also confirmed
the C=0 ester stretch at ~1720 cm ! (Figure S54). DSC analysis confirmed the amorphous
nature of the PEs, with the Tgs ranging from —5.1 to 40.4 °C (Figure 2a). The only exceptions
were PE-1 and PE-4, which did not exhibit a noticeable Tg. This could imply that these PEs
exhibit a very weak Tg that is not detectable by DSC, although it may be related to the fact
that both PEs were derived from 4-hydroxybenzaldehyde. TGA analysis of the PEs revealed
two decomposition stages, which was previously reported to be due to the breakdown of
the ester groups and aromatic rings (Figure 2b and Figure S57) [26]. It was also observed
that increasing the number of methoxy groups resulted in higher thermal stability at 5%
and 50% weight loss. Additional results showed that increasing the bulkiness of the diol
also resulted in greater thermal stability as the PEs synthesized from diols 4-5 exhibited
higher Ty4s than the PEs synthesized from diols 1-3. EA revealed that the found carbon
and hydrogen content were significantly lower than the calculated content (Table S2). This
could be attributed to unremoved by-products, particularly pyridine hydrochloride.

PE-5

(a) PE4 (b)
PE-3
PE-2
PE-1 100+
Ty=40.4°C w_
80 -
S
E 60 4
Ty=-5.1°C e ‘%
=
40 4
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Figure 2. (a) DSC traces of PEs. (b) TGA curves of PEs.

3.4. Preparation and Characterization of PE Polyols

Of the previously synthesized diols, diol 2 was selected for further investigation in the
preparation of PE polyols for their use in PU foams (Scheme 3). The polyols synthesized in
this work were compared to commercially available control samples PSA 3000 and PSA
1500, which are PE polyols derived from SA and PDO that have previously been used in
the synthesis of flexible PU foams [39,40]. Two polyols were prepared by replacing either
10 wt% or 25 wt% of PDO with diol 2 to make them more sustainable, labeled as polyol 2-10
and polyol 2-25, respectively. The diol PDO was first added and heated to allow for better
solubility of the diacid SA and the biobased diol 2. After removing the water, titanium
catalyst Organotix TC-400 was added to speed up the reaction, and additional PDO was
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added to maintain the viscosity. Both polyols 2-10 and 2-25 were a dark brown color
after reaction completion, whereas PSA 3000 and PSA 1500 were yellow. This brown color
is consistent with most lignin-derived materials [37]. AV measurements were calculated
following Equation (S1), and the final properties of the polyols are reported in Table 3.

Table 3. PE Polyol Properties.

Sample Viscosity (cps) AV # (mg KOH/g)  OH # (mg KOH/g) My (g/mol)
PSA 3000 4335 0.9 39.0 2875
PSA 1500 940 0.5 73.7 1520

2-10 3547 3.2 63.0 1780
2-25 2332 9.2 78.3 1433

The AV number can negatively impact the reactivity of polyols during PU foam
synthesis, and therefore it should be as small as possible to avoid competing with the
main reaction [41]. The AV numbers of PSA 3000 and PSA 1500 were lowered to 0.9 and
0.5 mg KOH/g, respectively, after 24 h; however, polyols 2-10 and 2-25 were found to
have consistent AV numbers by the 70 h mark (Tables S3 and S4). Letting the reaction
proceed for longer periods did not result in a decrease in the AV number, and the final AV
numbers were determined to be 3.16 mg KOH/g for polyol 2-10 and 9.21 mg KOH/g for
polyol 2-25.

The viscosity is directly related to the M, of the polyol, where lower viscosity generally
results in lower My, polyols. The My, is also inversely related to the OH number, as seen
in Equation (S2), where the smaller the OH number, the higher the My, [17]. The final
viscosities of PSA 3000 and PSA 1500 at 70 °C were calculated to be 4335 and 940 cps, which
is within the expected viscosity range for these polyols. The viscosities of polyols 2-10
and 2-25 were determined to be 3547 and 2332 cps, being closer to that of PSA 3000. PSA
3000 also had the lowest OH number of 39.02 mg KOH/g, while polyols 2-10 and 2-25
were found to be 63.04 and 78.32 mg KOH/g, respectively. These values were closer to
the OH number of PSA 1500, which was 73.7 mg KOH/g, resulting in calculated M,’s
of 2875 g/mol for PSA 3000, 1520 g/mol for PSA 1500, 1780 g/mol for polyol 2-10, and
1433 g/mol for polyol 2-25. These results suggest that the viscosity of the polyols did not
have a huge impact on the M.

3.5. Preparation and Characterization of PU Foams

Prior to preparing the PU foam plaques, free rises were conducted to determine the
reaction kinetics of the foams with the addition of the newly synthesized polyols. Properties
analyzed include the cream time, which is the time when the foam starts to grow, the rise
time, which is the time when the foam stops growing [42], and the tack-free time, which is
the time when the foam surface cures and is no longer sticky to touch [13,43]. As seen in
Figure 3, the control foams with PSA 3000 and PSA 1500, labelled PU-3000 and PU-1500,
respectively, were bright orange in color due to the addition of the orange dye, while both
PU-2-10 and PU-2-25 resulted in light brown foams, even with the orange dye added. This
is most likely due to the color of their respective polyols. After 24 h, the foams were cut
open to observe their insides (Figure 4). Only PU-1500 was found to exhibit shrinkage
after 24 h, while PU-3000, PU-2-10, and PU-2-25 remained intact, suggesting that the foams
made with polyols 2-10 and 2-25 exhibited stability that was in line with PU-3000. The
kinetic data for all PU foam free rises are shown in Table 4.
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Figure 4. Cut PU foam free rises 24 h after synthesis.

Table 4. Analysis of PU foam free rises.

Sample Cream Time (s)  Rise Time (min:s)  Tack Free Time (min:s)
PU-3000 15 1:30 3:30
PU-1500 20 1:47 2:55
PU-2-10 16 1:00 0:50
PU-2-25 15 1:30 2:50

The cream times for PU-2-10 and PU-2-25 were closer to that of PU-3000, ranging from
15 to 16 s compared to 20 s for PU-1500. The rise time and tack-free time for PU-2-10 was
also faster than the other foam samples. It was found that the rise time of PU-2-25 was more
on par with PU-3000 compared to the slower rise time of PU-1500. However, the tack-free
time for PU-2-25 was much closer to that of PU-1500, which is faster than the tack-free time
for PU-3000. This suggests that adding a smaller amount of diol 2 to the polyol formulation
results in PU foams that form faster than the control foams, while adding more of diol 2
slows the kinetics down enough to closer match the controls.

Using this information, PU foam plaques were prepared from the previously men-
tioned polyols. Figure 5 shows the initial attempt at preparing the foam plaques. Both
PU-1500 and PU-3000 appeared as bright orange rectangular foams that filled the mould
entirely. PU-2-10 exhibited some deformity as it did not fully form in the heated mould,
but it cured at the same rate as both control plaques. PU-2-25 appeared to mostly form the
standard rectangular shape, but upon removing it from the heated mould the foam was soft
and difficult to remove, making it unsuitable for further testing. The poorly formed foams
could be attributed to the fast kinetics previously observed in Table 4, where the foam
began to form so quickly that everything did not have time to properly mix. Since PU-2-10
showed the most promise in terms of its appearance, the original formulation was modified
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to reduce the catalyst loading amount from 0.8 parts per hundred of polyol (pphp) to 0.6
and even 0.4 pphp. As seen in Figure 6, as the catalyst amount decreased, the appearance
of the foams significantly improved. Thus, these three foams and the two control foams
were further tested for their mechanical properties, which are shown in Table 5.

PU-1500°  PU-3000.. PU-2-10 PU-2-25 B8

Figure 6. PU foam plaques of PU-2-10 with modified catalyst loading.

Table 5. Mechanical properties of PU foams.

Sample 33LV Amount Hardness Resiliency (%)  Tensile Strength Elongation (%) Tear
(pphp) (Benchtop) (Ball) (kg/em?) Die-C (N/mm)  Split (N/mm)

PU-3000 0.8 35 33 12.1 399 6.5 2.0
PU-1500 0.8 25 22 10.3 277 7.8 15
PU-2-10 0.8 - - 75 103 3.9 -
PU-2-10 0.6 35 13 11.9 119 5.0 0.8
PU-2-10 04 35 13 124 117 48 07
PU-3000 0.8 35 33 12.1 399 65 2.0

Looking at Table 5, PU-3000 had higher mechanical properties compared to PU-1500
apart from the Die-C tear strength. When comparing PU-2-10 with the different catalyst
amounts, the mechanical properties improved with a decrease in the amount of catalyst
added. PU-2-10 exhibited similar hardness and tensile strength as PU-3000, whereas PU-
1500 had slightly lower values than PU-2-10. Areas where PU-2-10 lacked in mechanical
properties compared to both PU-3000 and PU-1500 were in resiliency, elongation, and both
Die-C and split tear strength. This is similar to what was observed with the addition of
modified lignin in PU foam elastomers, where an increasing amount of lignin content led
to a decrease in both the resiliency and elongation of the foams while maintaining other
mechanical properties [44].

4. Conclusions

Five lignin-based diols were prepared from phenolic aldehydes to synthesize bio-
derived polyurethanes and polyesters. The synthesis of ten thermoplastic PUs and five PEs
was confirmed by NMR, EA, and FTIR analysis. DSC analysis of the PUs was consistent
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References

with the degree of rigidity or flexibility of the diisocyanate source, whereas DSC analysis of
the PEs showed no noticeable Tg for PE-1 and PE-4. TGA analysis confirmed good thermal
stability of the PUs and increasing thermal stability in the PEs with increasing bulkiness
of the starting diol. GPC analysis also showed relatively high Mys for the PUs with the
exception of PU-1M. Two PE polyols were prepared with 10 wt% and 25 wt% of diol 2 to
produce polyols with higher acid values than either PSA 3000 and PSA 1500 and hydroxyl
numbers closely matching that of PSA-1500. PU foams were prepared with polyols PSA
3000, PSA 1500, 2-10, and 2-25, showing that PU-2-10 and PU-2-25 had faster reaction
kinetics than PU-3000 and PU-1500. PU-2-10 exhibited similar or slightly higher tensile
strength and hardness as PU-3000 and PU-1500 foams, but lower tear strength, resiliency,
and elongation.
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Abstract: Polyetheretherketone (PEEK) has emerged as a revolutionary material in modern
dentistry because of its unique combination of mechanical strength, biocompatibility, and
versatility. This literature review examines the current applications and future potential of
PEEK in various dental disciplines. PEEK’s favorable properties, including its low specific
weight, high strength-to-weight ratio, and ability to be easily machined, have led to its
adoption in prosthetics, implantology, and dental esthetic restorations. This material has
shown promise for fabricating crowns, bridges, removable partial denture frameworks,
and implant components. PEEK’s radiolucency and bone-like elastic modulus make it
particularly suitable for dental implants and abutments. Additionally, its resistance to
degradation and compatibility with various surface treatments enhances its long-term
performance in the oral environment. While challenges such as bonding to other dental
materials and aesthetic limitations exist, ongoing research is addressing these issues through
surface modifications and composite formulations. As the dental field continues to evolve,
PEEK’s adaptability and biocompatibility position it a key player in the development of
next-generation dental materials and techniques, potentially transforming patient care and
treatment outcomes in dentistry.

Keywords: Polyetheretherketone (PEEK); implants; prosthesis; thermoplastics; tissue
regeneration; bone regeneration

1. Introduction

PEEK (Polyether ether ketone) is a semi-crystalline, high-performance engineering
thermoplastic material. It is a special polymer material composed of repeated units of one
ketone bond and two ether bonds in the backbone of the polymer, as shown in Figure 1 [1].
PEEK polymers are obtained by step-growth polymerization by the dialkylation of bisphe-
nolate salts. The reaction is conducted at around 300 °C in polar aprotic solvents, such
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as diphenyl sulfone [2]. PEEK’s unique properties enable its use in diverse fields, in-
cluding biomedical, aerospace, automotive, and electrical industries. It demonstrates
exceptional resistance to fatigue, creep, chemical degradation, and wear, making it particu-
larly valuable for high-performance applications. These characteristics have led to PEEK’s
widespread adoption in structural components, high-temperature environments, and ad-
vanced engineering solutions [3]. PEEK’s high resistance to oxidative deterioration and
its strength-to-weight profile are high enough to compete with metals like aluminum [4].
Regarding thermal properties, PEEK is highly temperature-resistant, with a glass transition
temperature of around 143 °C (289 °F) and a melting point of around 343 °C (662 °F) [5].
In addition, PEEK has excellent chemical resistance properties; it is chemically resistant
to most organic and inorganic chemicals, as well as to hydrolysis, radiation, and steril-
ization [5]. PEEK is a highly durable material with excellent mechanical and chemical
resistance properties that are retained at high temperatures. Its density is 1320 kg/m?,
Young’s modulus is 3.6 GPa, and tensile strength is 90 to 100 MPa [6]. PEEK is readily
machinable in the solid state, allowing the creation of complex shapes and designs [7].

lega¥eg)

Figure 1. Chemical structure of PEEK [1].

There are several grades of PEEK, including both extremely pure PEEK and PEEK
reinforced with glass, carbon fiber, or other technical plastics. In the industry, PEEK
comes in four main grades: 30% carbon-filled PEEK, 30% glass-filled PEEK, bearing-grade
PEEK, and unfilled PEEK [6]. Different processing techniques are used to enhance PEEK’s
properties [8,9]. PEEK pellets are generally recommended for extrusion, monofilament,
and wire coating operations, while PEEK powder is used for extrusion compounding
when fillers are added to enhance PEEK properties, such as expanded graphite (EG) [10].
PEEK can be manufactured using conventional injection molding equipment. To achieve
a semi-crystalline component that fully utilizes PEEK’s special set of characteristics, the
mold temperature is crucial [11]. Compression molding is another process that produces
PEEK with excellent mechanical properties; it is recommended for use with PEEK gran-
ules/rods. However, the key factors affecting the uniformity of compression-molded PEEK
are the mold temperature, molding pressure, and ram speed (or the rate of application of
pressure) [12]. Compression-molded PEEK samples showed higher crystallinity in compar-
ison to injection-molded samples; subsequently, they were found to have higher strength
compared to injection-molded PEEK samples [13]. Lee D] et al. [14] have compared the me-
chanical properties (tensile, fatigue, and creep) of carbon fiber-filled PEEK using injection
and compression molding techniques. Specimens with varying initial fiber lengths were
created using both methods. Compression-molded specimens showed clear differences in
mechanical properties based on fiber length, whereas injection-molded samples displayed
consistent tensile and fatigue strengths regardless of the initial fiber length. Further research
is needed to optimize the process parameters for specific applications and evaluate the
long-term performance and success rates of compression-molded PEEK.

In addjition to injection molding and compression molding, two other manufacturing
methods have become increasingly significant for PEEK in dental applications. Subtractive
manufacturing (CAD/CAM) has emerged as a primary technique for fabricating fixed
and removable prosthodontics using PEEK [15]. This method encompasses milling and
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grinding processes to remove material from a PEEK block, shaping it into the desired form
with high precision and accuracy, which are key factors for dental applications [4]. The
resultant components exhibit smooth surfaces, often requiring minimal post-processing [16].
These features make subtractive manufacturing particularly suitable for creating fixed and
removable prostheses that require precise anatomical fit and functional reliability [17].
3D printing of PEEK offers several benefits for dental applications. Customization of
implants and prostheses to patient-specific anatomy, reduced material waste compared to
subtractive methods, ability to create complex geometries that may be challenging with
other manufacturing methods, and the potential for faster production times for certain
applications [18]. These manufacturing methods have significantly impacted the production
of PEEK-based fixed and removable prosthodontics, offering dental professionals more
options for creating precise patient-specific solutions [15].

CAD/CAM-milled PEEK remains the superior manufacturing method for dental
applications demanding high mechanical strength and precision due to its homogeneous
microstructure, which consistently delivers superior tensile, flexural, and fatigue strengths
compared to 3D-printed PEEK [19]. While 3D printing of PEEK shows promise in cus-
tomized and lower-load scenarios, it suffers from porosity and anisotropy unless optimized
through parameters like infill rate, temperature, and post-print annealing [20,21]. Both
methods offer similar baseline biocompatibility; however, the rougher surfaces of 3D-
printed PEEK may promote higher osteoblast proliferation [15]. Surface treatments, such as
sandblasting and plasma treatment, can enhance bioactivity for both methods, although uni-
formity and bacterial adhesion present challenges, especially for 3D-printed surfaces [15,19].
Clinically, milled PEEK is preferred for load-bearing applications like frameworks and
implants due to its superior durability, while 3D-printed PEEK excels in customization
for non-load-bearing or less demanding restorations, making it ideal for rapid prototyp-
ing [19,21]. Optimized parameters can improve the marginal fit of 3D-printed PEEK and
rival milled PEEK in some cases. However, variability in printer settings, operator skills,
and lack of standardized post-processing protocols limit the reliability of 3D-printed PEEK
for clinical dentistry [22]. Advances such as carbon fiber-reinforced 3D-printed PEEK may
help narrow the performance gap with milled PEEK, highlighting the need for further
research and standardization [23].

PEEK surface modification can be performed either by surface treatment alone or in
conjunction with surface coating [24]. Surface treatments, both chemical and physical, can
significantly increase PEEK’s bioactivity. For instance, PEEK surfaces’ chemical and physi-
cal characteristics have been modified via sulfonation and sub-millimeter laser machining,
improving their bio-interaction [25]. Electron beam irradiation has also been used to modify
the surface of PEEK, resulting in increased hydrophilicity and protein adsorption [26]. It
has been observed that nitrogen plasma performs particularly well in PEEK implant appli-
cations. There has also been an investigation into further surface treatments, such as plasma
ion implantation and nanomodification [27,28]. Rather than using physical treatments and
composites, surface coatings have been employed to increase PEEK’s bioactivity [29,30].
For example, PEEK can be coated with bioactive substances such as hydroxyapatite or
titanium to enhance its bioactivity and antibacterial properties [31,32]. The process of
creating a nano-level surface topography by coating or mixing PEEK with nanoparticles
has recently been the focus of a significant amount of research [33,34]. PEEK’s bioactivity
can be significantly increased by surface treatment either by itself or in conjunction with
surface coating. The use of surface coatings as substitutes for physical treatments and
composites has been documented in the literature since the addition of bioactive particles
to PEEK has raised questions about how to preserve the material’s mechanical properties.
Figure 2 shows the different methods of PEEK processing for surface bioactivation.
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Figure 2. PEEK modifications and coating for enhanced bioactivity.

PEEK’s biocompatibility and ability to be blended with fibers and ceramics to enhance
its mechanical properties and bioactive properties make it an ideal alternative for advanced
medical and dental uses. As shown in Figure 3, PEEK is now utilized in crowns, posts
and cores, maxillofacial prostheses, removable and fixed prostheses, dental implants, and
implant abutments [35,36].

Applications of PEEK

@ Dental implants @ Implant abutment

Fixed crowns

and bridge @ Removable dentures

Figure 3. Common applications of PEEK in dentistry.
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2. Methodology
2.1. Question Addressed by This Review
What are the different applications and benefits of PEEK in the field of restorative dentistry?

2.2. Literature Research

A narrative exploratory review was conducted. A literature search was carried out
utilizing electronic databases such as PubMed (MEDLINE), Scopus, and Web of Science
(WOoS). Following that, a manual search of the literature was performed, including the
reference lists of related and similar studies, to identify any new relevant research.

The main search terms were “PEEK”, “dentistry”, “implant”, “prosthesis” and “abut-
ment”. Articles published between 2013 and 2024 were included. Any duplicate entries
in the databases were identified and subsequently eliminated using Mendeley Reference
Manager software (version 2.128) by Elsevier, based in Amsterdam, Netherlands.

Inclusion criteria encompassed peer-reviewed articles in English-written articles fo-
cusing on PEEK applications in the field of restorative dentistry, while exclusion criteria
involved non-dental applications and non-English publications. Subtopics within PEEK
in dentistry were identified and categorized based on the primary application areas, such
as implants, prosthetics, and bone regeneration, as well as material properties, such as
mechanical characteristics and biological activity. Papers were organized using a cus-
tom classification framework developed in Microsoft Excel, which allowed for efficient
categorization and analysis.

2.3. Data Extraction

Data extraction was performed independently by two reviewers using a standardized
form to collect information on the study design, sample size, key findings, and conclusions.
Any discrepancies in data extraction were resolved through discussion to reach a consensus.
The extracted data were then synthesized to identify trends, gaps in research, and potential
future directions for PEEK applications in dentistry.

3. Results and Discussion
3.1. Advantages of PEEK over Traditional Materials

PEEK is a desirable material for various applications due to its exceptional mechan-
ical, thermal, and chemical properties. PEEK has a higher strength-to-weight ratio, is
more flexible, and is more biocompatible than traditional materials such as metals and
ceramics [37].

According to Luo et al. [35], PEEK dental implants are more compatible with the
mechanical characteristics of bone than metal and ceramic implants and show less stress
shielding. Yongan et al. [38] focused on the improvement schemes for PEEK composites,
aiming to enhance their mechanical properties, friction resistance, electrical conductivity,
and thermal resistance. Tekin et al. [39] highlighted that PEEK’s low elasticity modulus
can decrease stress-related issues and make it an effective replacement for current dental
materials. The suitability of PEEK as a fixed partial denture framework was examined by
Sinha et al. [40], who emphasized its superior mechanical properties and chemical resistance.
JianBing et al. [41] mentioned that PEEK has prominent advantages in mechanical strength,
thermal stability, and chemical stability. Researchers have suggested that PEEK offers
superior properties and versatility compared to traditional materials in dental applications.
Detailed comparisons between PEEK and other dental polymers are presented in Table 1.
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Table 1. Properties of PEEK compared to those of other polymers.

Specific Tr ilqig n Melting Tensile Young Operating Elongation
Material Gravity Terr? esialt(ix re Point Strength Modulus Temperature at Break Ref.
(g/em?) o §e) (MPa) (GPa) Q) (In %)
PEEK 1.3 143 340 86-94 34 250 - [4,42]
PEKK ! 1.27 162 305 105 5.1 300 - [4]
UHMWPE 2 0.933 —110 200-220 48 0.69 <100 - [4]
PLLAS - 51-64 172-189 27.98-49 - - 5 [43]
DL-PLA * - 50-52 Amorphous 28.9-35 - - 6 [43]
Tendon Chitosan - - 56.48-79.21 - - 11.3-13.92 [43]

! Polyetherketoneketone. 2 Ultra-high molecular weight polyethylene. 3 Poly-I-lactic Acid. * Poly(dl-lactic acid).

3.1.1. PEEK vs. Conventional Dental Alloy

PEEK material could be a viable alternative to conventional dental alloys. Tekin et al. [39]
highlighted the good mechanical and electrical properties of PEEK, as well as its high bio-
compatibility, making it suitable for orthopedic and trauma cases. Schwitalla et al. [44]
demonstrated that PEEK materials have a modulus of elasticity and strengths that meet the
minimum requirements for dental applications. Additionally, Bathala et al. [36] discussed
the advantages of PEEK, such as flexibility, radiolucency, thermal resistance, and biocom-
patibility, which make it a potential alternative to titanium and zirconia for dental implants.
Researchers found that PEEK has the potential to be used in various areas of dentistry as a
substitute for traditional dental alloys [45—47].

3.1.2. PEEK vs. Dental Ceramics

PEEK and dental ceramics are contrasting materials in modern dentistry, each with
distinct properties that influence their clinical applications. PEEK's significant flexibility
stands in stark contrast to the rigidity of dental ceramics [6]. This flexibility grants PEEK
superior stress distribution and shock absorption capabilities, potentially reducing the risk
of fractures and chips that often plague ceramic restorations [48]. Moreover, PEEK’s bone-
like elasticity may contribute to better temporomandibular joint (TM]) health by allowing
more natural force distribution and adaptive load transfer [49,50]. While ceramics maintain
their stronghold in aesthetically critical areas, PEEK’s unique combination of flexibility,
fracture resistance, and biocompatibility has driven its increased adoption in prosthetics,
implant components, and TM] reconstruction [51,52]. As dentistry continues to evolve,
the choice between PEEK and ceramics increasingly depends on balancing the mechanical
properties, aesthetics, and patient-specific needs in each clinical scenario. According to
Reddy et al. [53], PEEK dental implants better mimic the mechanical characteristics of bone
and show less stress shielding. Elawadly et al. [54] evaluated the surface roughness and
wettability of different PEEK specimens and suggested that filled PEEK materials exhibit
favorable roughness and wettability properties, making them potential substrates for dental
implants. Bekhiet et al. [55] investigated the wear and volumetric loss of PEEK against
other dental materials and aimed to determine its efficacy as a permanent restoration.

3.2. PEEK in Dental Implantology

PEEK has been explored for various applications in dental implantology due to its
unique properties. Since PEEK and bone have more similar mechanical characteristics,
PEEK dental implants have been observed to have less stress shielding than titanium
dental implants (Table 2) [6,56]. It is a promising material for dental implants due to its
biocompatibility, mechanical strength, and resistance to wear and fatigue.
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Table 2. PEEK properties compared to bone and other dental materials.

Young’s Modulus  Tensile Strength ~ Flexural Strength

Material (MPa) (MPa) Hardness Degradability Ref.
Cancellous Bone 13-17 12-18 0.46 +0.08 Biodegradable [42,57]
Cortical Bone 105-115 118-122 043 +£0.13 Biodegradable [42,57]
PEEK 86-94 110-120 85-109 Nonbiodegradable [42,57]

20 wt.% CFR-PEEK 125-131 160-168 - Nonbiodegradable [42]

30 wt.% CFR-PEEK 151-157 163-173 - Nonbiodegradable [42]

GFR-PEEK 115-158 198-228 - Nonbiodegradable [42]

Zirconia 200-10 320-340 240-260 - Nonbiodegradable [42]

Titanium alloy 110-119 862-1200 - 337-357 Nonbiodegradable [57]

PEEK can be used as an alternative to traditional metal and ceramic materials for
implant abutments [58]. PEEK abutments have been found to have a lower modulus of
elasticity than titanium abutments, which can reduce the risk of implant failure due to stress
shielding [6]. In addition, PEEK material radiolucency prevents interference with X-rays or
other imaging techniques, which allows for better visualization of dental structures and
implants during after-implantation diagnosis and treatment planning [59].

Nevertheless, PEEK is considered bioinert and does not readily bond with bone
tissue, hindering its full integration with the surrounding bone following implantation.
This hydrophobic nature arises from its aromatic ring and polyester functional groups,
which prevent osseointegration and result in its separation from the bone [24,60]. The
goal of recent research has been to increase the nanoscale bioactivity of PEEK implants
in order to promote bone remodeling and osseointegration [24,61]. Comparing PEEK
to bioglass-based PEEK nanocomposites, Taymour et al. [6] reported that PEEK with
20 wt.% forsterite in the nanocomposite formulation was the most efficient in PEEK’s
bioactivation. This particular formulation greatly increased the material’s microhardness,
flexural strength, and elastic modulus, in addition to enhancing PEEK’s bioactivation. This
particular formulation greatly increased the material’s microhardness, flexural strength, and
elastic modulus, in addition to enhancing PEEK’s bioactivation. Additionally, as illustrated
in Figure 4 [6], both PEEK nanocomposites loaded with bioglass and those with forsterite
nanofillers showed the potential to precipitate phosphate and calcium bone minerals on
their surfaces during in vitro bioactivity evaluation using biomimetic simulated bodily fluid.
Chayanun et al. [25] studied how sulfonation and sub-millimeter laser machining could
improve the bioactivity of PEEK surfaces. The outcomes demonstrated that PEEK surfaces’
bioactivity was enhanced by the combination of these two methods. The classification of
PEEK modifications and coatings for enhanced osseointegration is discussed in greater
detail in the next section. However, further research is required to fully understand the
potential of PEEK in implantology and improve its bioactivity without compromising its
mechanical properties.

PEEK Modifications and Coatings for Enhanced Osseointegration

One of the major drawbacks of PEEK in dental implants is its bioinertness, as discussed
above [6,27]. Surface modifications and blends can be applied to PEEK implants to enhance
osseointegration. Three primary categories can be used to group these modifications
as follows:

1.  Bioactive agent surface functionalization: Bioactive agents can be introduced to the
PEEK implant surface chemically or physically, as shown in Figure 2. Bioactive agents
such as growth factors or peptides can promote cell adhesion, proliferation, and
differentiation, leading to improved osseointegration [28]. Cyclic peptides, which
have unique characteristics that promote the development of the endothelium, were
bound to the PEEK surface by Young et al. [62] using ammonia plasma treatment.
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Furthermore, these conjugated cyclic peptides on the PEEK surface exhibit anticoag-
ulant qualities by preventing platelet adhesion and activation, which may prevent
blood clot formation. An et al. [63] created a dialdehyde cross-linked hyaluronic acid
hydrogel coating on the surface of PEEK that was loaded with nerve growth factor
(NGF) and platelet-rich plasma (PRP). These findings demonstrate that the hybrid
hydrogel coating on the PEEK surface was capable of continuously releasing growth
factors and exhibited good hydrophilicity. The hybrid hydrogel coating exhibited
strong cell adhesion and facilitated the differentiation of MC3T3-E1 cells and angio-
genesis of human umbilical vein endothelial cells (HUVECs), according to in vitro
cell tests. Nevertheless, NGF did not enhance the hybrid hydrogel’s capacity for
cell growth. Excellent osteogenic and angiogenic properties were also demonstrated
by PEEK samples coated with the hybrid hydrogel in a rat tibial defect model. A
comparatively green technique for grafting heparin onto PEEK through the thiol-ol
reaction was developed by Goh et al. [64] by combining ozone and UV irradiation
without the use of any chemical reagents or organic solvents. Instead, they used
biocompatible cysteine, an amino acid, to thiolate heparin. In contrast to the rapid
release of loaded bone morphogenetic protein-2 (BMP-2) from pure PEEK, heparin
grafting on PEEK effectively immobilized BMP-2. Comparing heparin grafting to
pure PEEK, the bioactivity of PEEK was improved in terms of MG-63 proliferation
and osteogenic differentiation. It was only after heparin grafting that BMP-2 loading
onto PEEK could have an impact on more specialized osteogenic activities such as
alkaline phosphatase (ALP) activity and calcium deposition in MG-63.

Incorporation of PEEK with bioactive materials: Bioactive materials can be applied
as surface coatings or incorporated into the PEEK structure as composites, which
provide a favorable environment for cell attachment, proliferation, and differentiation,
enhancing osseointegration [61]. Bioactive particles, such as hydroxyapatite (HA),
strontium-containing hydroxyapatite, titanium dioxide (TiO2), tricalcium phosphate
(TCP), bioactive glass, forsterite, and graphene, have been compounded with PEEK
to increase the bioactivity and bone osseointegration of PEEK implants [6,65,66].
Silicate-based bioceramic-reinforced PEEK nanocomposites have been developed to
improve the mechanical properties, bioactivity, and bone osseointegration of PEEK.
PEEK/Bioceramics nanocomposites were fabricated using melt blending and com-
pression molding techniques. The uniform dispersion of nanofiller particles within
the PEEK matrix is crucial for improving the mechanical properties and bioactivity [9].
While surface treatments can offer some benefits in terms of improving the surface
characteristics of PEEK, such as wettability and bioactivity, PEEK-based composites
are designed to provide a comprehensive solution that addresses both mechanical
strength and bioactive properties. These composites have shown promise in enhanc-
ing the performance of dental implants by promoting osseointegration and ensuring
long-term implant stability [67]. PEEK composites offer a consistent distribution of
bioactive fillers throughout the material, ensuring uniform bioactivity and mechanical
performance across the entire implant, as shown in Figure 4. Surface treatments, on
the other hand, may vary in effectiveness and may not provide uniform coverage or
bioactivity throughout the PEEK surface. Researchers are tailoring the composition
and content of bioactive fillers to optimize these properties. Surface treatments, on the
other hand, may not provide the same degree of control over material properties and
bioactivity [68]. In addition, PEEK-based composites typically incorporate reinforcing
materials, such as hydroxyapatite (HA), glass fibers, or other bioactive fillers. These
fillers can significantly enhance the mechanical properties of PEEK, including its
tensile strength, elastic modulus, and microhardness. This improved mechanical
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strength can better withstand the stresses and loading conditions experienced in the
oral environment, contributing to implant stability and longevity [69]. The mechanical
properties of PEEK are dependent on the degree of crystallinity since higher crys-
tallinity leads to higher tensile and flexural strengths. The degree of crystallinity is
a positive factor in the mechanical properties of PEEK [70]. Pérez-Martin et al. [71]
showed that carbon fiber-reinforced PEEK has improved mechanical properties with a
higher crystallinity. However, Taymour et al. [6] found that by increasing the number
of nanofillers by more than 20% by weight, despite the increased crystallinity, the
mechanical properties were reduced, as shown in Table 3. The decline in the me-
chanical properties at higher filler content might be due to the fact that the higher
amounts of nanofillers could restrict the mobility of the polymer chains, decreasing
the degree of crystallinity, crystallite size, and crystallization growth rate, as shown in
Figures 5 and 6 and Table 3 [72].

PK PKBG-20 PKFT-20

Figure 4. SEM images of (al-a3) pure PEEK and (b1-b3) PEEK containing 20 wt.% 45S5 bioglass
nanofillers, and (¢1-c3) PEEK containing 20 wt.% forsterite (Mg,SiOy4) nanofillers, demonstrating the
apatite-formation capability following 7, 14, and 28 days of submersion in SBE. Pure PEEK (al-a3)
showed no changes on its surface. PEEK nanocomposites (b1-b3,c1-c3), however, encourage the
production of apatite after immersion in SBF at all time points [6].

Table 3. Mean compression elastic modulus and flexural strength of PEEK nanocomposites with
respect to the proportions of bioglass (45S5 bioglass) and forsterite (Mg,SiO4) nanofillers. PKBG
10, PKBG 20, and PKBG 30 are PEEK containing 10, 20, and 30 wt. %, bioglass nanofillers, respec-
tively, and PKFT 10, PKFT 20, PKFT 30 is PEEK containing 10, 20, 30 wt.% Forsterite nanofillers,
respectively [6].

. Elastic Modulus (MPa) Flexural Strength (GPa)
PEEK Nanocomposites Mean -+ SD Mean - SD
Pure PEEK 3.8+ 0.13 143.63 + 3.26
PKBG 10 419+£0.13 14943 £ 6.11
PKBG 20 4.63 +0.12 151.3 + 6.69
PKBG 30 3.64 +0.14 1212 £ 64
PKFT 10 44+ 0.14 166.33 £9.2
PKFT 20 6.02 +0.11 200.19 +4.12
PKFT 30 498 +0.17 188.32 £ 4.13
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Figure 5. SEM images of pristine PEEK and PEEK loaded with 10,20,30 wt.% BG (45S5 bioglass)
nanofillers and PEEK loaded with 10,20,30 wt.% FT (Mg;SiO,) nanofillers showing the morphologies
of the surface displaying information about the rough and smooth areas: (a) PEEK’s smooth surface,
(b,c) PKBG-10 and PKBG-20 rough surfaces, (d) rough bioglass nanoparticle aggregation on PKBG-
30, (e) PKFT-10’s smooth surface, and (f,g) PKFT-20 and PKFT-30 low roughness with forsterite
nanoparticles dispersed arbitrarily throughout the PEEK matrix. The average particle sizes of the BG
and FT nanofillers are 40 & 4 nm and 30 £ 5 nm, respectively [6].
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Figure 6. XRD patterns of (a) nanocomposites containing Bioglass (BG) nanoparticles and
(b) nanocomposites including Forsterite (FT) nanoparticles, demonstrating how the addition of
these particles affects the crystallinity of PEEK [6].

3.  Construction of three-dimensional porous structures: Three-dimensional porous
structures can be created on the PEEK surface to promote cell infiltration and vas-
cularization, facilitating osseointegration. These structures can be fabricated using
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techniques such as 3D printing or surface modification methods, as shown in Figure 2.
Surface porous PEEK has been shown to promote the proliferation, differentiation,
and mineralization of osteoblasts, leading to improved osseointegration [67,73,74].
A study conducted by Wei et al. [75] used magnesium surface-activated 3D-printed
porous PEEK scaffolds to enhance the osseointegration capacity of PEEK materials.
The surface was coated with polydopamine (PDA) chelated with magnesium ions
(Mg?*). Following surface modification, bioactive Mg?* was released, and the hy-
drophilicity of the PEEK scaffolds was greatly increased. The results showed that the
customized three-dimensional porous structure facilitated bone ingrowth within the
PEEK scaffolds, and the released Mg?* accelerated early bone ingrowth by promoting
early angiogenesis during the coating degradation process. Xu et al. [76] developed
a Dex/Mino liposome-modified PEEK surface; this surface modification presented
favorable stability, cytocompatibility, and improved osseointegration compared to
bare PEEK, giving a potential as an orthopedic/dental implant material for clinical
application. A recent study proposed a novel surface modification method to obtain
a three-dimensional (3D) hierarchical porous structure on the PEEK surface, which
showed a boosted osseointegration potential. The hierarchical porous architecture
was designed to mimic the natural bone structure and enhance the interaction be-
tween the implant and surrounding bone tissue, promoting better osseointegration.
More contact areas with the host bone and tissue ingrowth are made possible by the
hierarchical topological structure, which results in better mechanical interlocking with
the newly created bone tissue [77].

The clinical outcomes and success rates of PEEK dental implants have been evaluated
in several studies [78]. A study evaluated the clinical survival and success rate of PEEK
composite dental implants using immediate and delayed loading protocols, and the results
showed that PEEK composite dental implants had a high clinical survival and success rate
(64-76%) [79]. Another study conducted by Ayyadanveettil et al. [30] showed that zirconia
and PEEK abutments exhibited the same survival rate with similar biological and esthetic
outcomes at the 5-year evaluation. However, there is still a lack of evidence regarding
dental implant materials. A longer follow-up period, greater number of patients, and
different tooth types (variation in occlusal forces) are required for more accurate results.

3.3. PEEK-Based Dental Prosthetics

PEEK has also been explored for various applications in prosthodontics, including
crowns, bridges, and dentures [36] (Figure 7). According to a narrative review of CAD-CAM
PEEK dental prostheses, PEEK exhibits excellent mechanical characteristics and strong
bonding with veneering composite materials, making it an attractive material for fixed
dental prostheses. Similar to zirconia and lithium disilicate crowns, PEEK prostheses have
been shown to have high fracture resistance and capacity to tolerate occlusal stresses in the
molar region. Additionally, PEEK could be considered a material that works effectively for
denture bases because it resists fracture and notch concentration [80]. A systematic review
of PEEK-fixed partial dentures found that PEEK frameworks showed better esthetics com-
pared to metal frameworks [81]. PEEK biomaterial has been investigated for a number of
clinical dentistry applications, such as implant-supported prostheses, fixed dental prosthe-
ses, and removable dental prostheses, according to a literature review of PEEK biomaterial
in prosthodontics [82]. Fixed Dental Prostheses (FDPs) made from pre-pressed PEEK blanks
utilizing CAD-CAM milling showed greater fracture loads. (2354 N) and less deformation
than those that were granularly pressed (1738 N). This implies that employing pre-pressed
PEEK and CAD-CAM technologies can produce FDPs that are more resilient [83]. PEEK
has been shown in other in vitro investigations to be an excellent substitute material for
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permanent dental prostheses and single crowns. Its potential for load-bearing areas was
verified by three-unit PEEK frameworks, which showed FDP connector fracture at 1383 N
and deformation at 1200 N [84]. The fracture resistance of CAD-CAM-milled PEEK FDPs
is substantially higher than that of zirconia (981-1331 N), alumina (851 N), and lithium
disilicate (950 N) when placed against other dental materials [80,83]. This suggests that
PEEK (and its composites) may offer superior durability in certain clinical scenarios. When
compared to materials like PMMA, composite resin paste, and fiber-reinforced composites,
PEEK demonstrated the maximum load-bearing capacity in an in vitro analysis comparing
several inlay-retained FDPs [85].
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Figure 7. PEEK-based prosthetic restorations.

PEEK-based dental prostheses offer a viable alternative to traditional materials ow-
ing to their superior biocompatibility, patient acceptance, and advantageous mechanical
characteristics. However, further investigation is required to assess their long-term perfor-
mance and success rates. From a biocompatibility point of view, PEEK exhibits superior
biocompatibility, making it suitable for dental applications. Its insolubility in water makes
it ideal for use in patients with allergies. PEEK has been found to be non-mutagenic and
non-cytotoxic, ensuring its safety for intraoral use [86]. In terms of patient acceptance,
PEEK-based dental prostheses have shown good patient acceptance due to their esthet-
ics and metal-free nature. Implant restorations are frequently chosen by patients who
have lost their teeth, and PEEK has been suggested for a variety of implant-supported
prostheses [8,86]. Regarding mechanical properties, PEEK-based dental prostheses have
been found to have high fracture resistance and load-bearing capacity, comparable to other
fixed dental prosthesis materials [35]. In regard to bonding issues, bonding between PEEK
and resin-based luting materials, including Panavia V5, has been achieved, ensuring the
stability and longevity of PEEK-based dental prostheses [87-90]. PEEK dental prosthesis’
long-term survival cannot be confirmed due to the lack of evidence [81]. However, some
studies have reported high clinical survival and success rates of PEEK-based dental pros-
theses for up to 5-8 years [81,91]. To assess the long-term effectiveness and success rates
of dental prostheses made from PEEK, additional studies are required [92]. PEEK-based
dental prostheses require regular maintenance, including cleaning and polishing, to pre-
vent plaque buildup and staining. PEEK is a highly durable material that can withstand
mechanical and physical stress, which makes it a perfect material for dental implants and

42



Polymers 2025, 17, 80

devices that require long-term durability. However, regular maintenance is still necessary to
ensure the longevity of PEEK-based dental prostheses [86]. PEEK-based dental prostheses
can be repaired using composite resin materials that bond well with PEEK. However, the
repairability of PEEK-based dental prostheses may depend on the extent of damage and
location of the prosthesis. PEEK-based dental prostheses may need to be replaced over
time due to wear and tear or damage. Replacement may be necessary if the prosthesis
becomes loose or damaged beyond repair [93].

A one year single-arm pilot study evaluated the clinical acceptability of PEEK-fixed
dental prostheses in partially edentulous patients. The study found that PEEK-fixed dental
prostheses were clinically acceptable, but further research is needed to evaluate their
long-term survival and success rates [94]. Another study evaluated the survival rates and
treatment success of full-arch implant-supported PEEK prostheses. The study found that
the dental implant survival rate was 99% for up to 77 months (6 years and 5 months) and
the PEEK prosthesis survival rate was 100% for up to 56 months (4 years and 8 months).
Bone loss after an average of 54 months (4 years and 6 months) was minimal [92]. However,
systematic reviews of clinical studies have found inadequate data to determine the long-
term survival of PEEK dental prostheses. Another interesting study evaluated the clinical
results of edentulous patients receiving implant-supported fixed complete dentures with
PEEK CAD-CAM frameworks compared to titanium frameworks. The study found that
PEEK CAD-CAM frameworks were a viable alternative to titanium frameworks, with a
high clinical success rate (100%) [95,96].

In terms of practical applications, a more recent systematic exploration by Mishra et al. [97]
highlighted that complete-arch implant-supported fixed dental prostheses fabricated with
PEEK exhibited a cumulative survival rate of 97.3% over a follow-up period ranging
from 1 to 6 years, indicating promising initial outcomes. Their analysis was informed
by 12 clinical studies, with a total of 119 prostheses assessed, underscoring feasibility in
clinical settings. While the performance metrics appear encouraging for the short-term,
the author’s cautionary note about adhesion issues indicates an area requiring additional
rigorous inquiry. A noteworthy consideration highlighted by Qin et al. [98] is the treatment
of the PEEK surface, which is intrinsically hydrophobic. This characteristic has obstructed
its bonding efficacy with dental resin composites, presenting a barrier to its widespread
use despite the favorable physical and mechanical properties identified in the literature.
Innovative surface modifications are posited as crucial pathways toward enhancing the
clinical applicability of PEEK-based systems, aligning with the contemporary focus on
improving biomaterials in dentistry. Alexakou et al. [99] reported that despite the promising
direction of PEEK as a dental restorative material, the clinical translation remains limited
by the scarcity of definitive longitudinal studies that track patient outcomes over an
extended timeframe.

PEEK’s surface characteristics play a significant role in its polishability and subsequent
bacterial adhesion, which is critical for prosthetic applications. It demonstrates good
polishing properties, which are important for reducing bacterial adhesion and plaque
accumulation. PEEK surfaces can be polished to achieve a roughness (Ra) below 0.13 pum.
This level of smoothness is considered favorable for reducing bacterial adhesion [100].
Glazing of PEEK surfaces has a positive effect on surface roughness, regardless of artificial
aging or staining protocols [101]. Surface irregularities such as flaws and defects promote
bacterial attachment by providing protection against shear forces [100]. Pressed PEEK
showed higher bacterial adhesion compared to milled, injection-molded, or 3D-printed
PEEK. Horizontally, 3D-printed PEEK exhibited lower bacterial adhesion compared to
vertically printed specimens. Surface roughness below 10 um or additional polishing
appears to be essential for reducing bacterial adhesion on PEEK surfaces [102] (Figure 8).
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Figure 8. Significant material properties of 3D printed vs. CAD/CAM-milled PEEK prostheses.

3.4. PEEK in Bone Regeneration
3.4.1. PEEK in Alveolar Ridge Preservation and Augmentation

Alveolar ridge augmentation provides sufficient and precise regenerated bone tissue
for subsequent dental implant placement [103]. A comparative study based on 3D printing
technology found that customized alveolar bone augmentation using PEEK scaffolds is
a viable alternative to titanium scaffolds [104-106]. PEEK has been compared to other
materials, including titanium mesh, for use as a bone replacement material. PEEK has a
higher cost compared to titanium mesh. However, the cost of the combination of titanium
mesh and bone cement is reportedly similar to that of PEEK if surgical time and other factors
are considered [107]. PEEK exhibits good biocompatibility and radiolucency, making it
a potential material for use in cranioplasty and other medical applications. Titanium
mesh is commonly used for cranioplasty, but PEEK has been found to have a lower
complication rate and implant failure rate compared to titanium mesh [108]. PEEK has a
lower elastic modulus than titanium, making it more suitable for craniofacial and orbital
floor defects [109]. In comparison to titanium grade 2 and titanium grade 5, PEEK exhibits
greater bacterial adhesion [110,111].

3.4.2. Guided Bone Regeneration with PEEK

In order to heal defects in the bone and rebuild the alveolar ridge, PEEK membranes
have been examined for use in guided bone regeneration (GBR). A membrane is utilized in
GBR to separate soft tissues and boost bone regeneration. The success of GBR is largely
dependent on the implementation of barrier membranes. PEEK membranes have been
proposed for GBR due to their antibacterial and bone-binding capabilities. However, the
economic cost, clinical feasibility, and processing complexity of PEEK modification remain
to be evaluated [112-114]. PEEK can be modified to possess antibacterial properties that
can reduce the risk of infection and promote bone regeneration. The antibacterial properties
of PEEK can be achieved through surface modification or blending modification [115-117].
PEEK has been found to have good bone-binding capabilities, making it a potential material
for GBR. PEEK can be modified to enhance its hydrophilicity and protein adsorption
capacity, thereby promoting osteogenesis [27,118,119]. PEEK offers a stable environment
for bone regeneration and can be utilized as a tailored barrier membrane for GBR. PEEK
membranes have been found to have good integration behavior and low immune response,
making them a suitable material for GBR. Severe atrophic alveolar bones can be effectively
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supported using customized PEEK membranes [112,114,120]. However, the practical use
of PEEK is restricted due to its poor capacity for osteogenesis and osseointegration. The
clinical viability, economic cost, and processing complexity of PEEK modification remain to
be evaluated. The antibacterial and bone-binding capabilities of PEEK can be enhanced
through surface modification or blending modification. Further research is needed to
evaluate the clinical feasibility and long-term performance of PEEK membranes for GBR
compared to other materials [112].

3.4.3. PEEK-Based Scaffolds for Tissue Engineering

Cells, scaffolds, and growth factors are used in tissue engineering to replace or regen-
erate diseased or damaged tissues. The mechanical, biodegradable, and biocompatible
characteristics of polymeric scaffolds have made them popular for tissue engineering appli-
cations. PEEK scaffolds have been found to have good mechanical properties, including
high fracture resistance and load-bearing capacity, making them suitable materials for
tissue engineering [75,121,122].

Because of their unique features, such as their high mechanical strength, radiolucency,
and good biocompatibility, tissue engineering has made use of PEEK scaffolds. Tissue
healing is facilitated by scaffolds, which enhance the differentiation of cells and prolifera-
tion. PEEK scaffolds have been found to promote osteogenic bone regeneration and delay
adjacent bone loss. PEEK scaffolds have also been used in bone tissue engineering to pro-
vide a 3-dimensional environment for cell seeding and proliferation, as well as filling bone
defects [11,121,123]. The integration of stem cells and growth factors into PEEK scaffolds
has been explored in regenerative medicine and tissue engineering [124]. Scaffolds made
of PEEK may contain growth factors for extended release, which promotes osteogenesis.
However, mismatched release profiles, in which the growth factor release is frequently
unsteady, are typically linked to difficulties with growth factor-enriched scaffolds [125].
Stem cells can be seeded onto PEEK scaffolds to promote bone regeneration and tissue
healing. Roskeis et al. [126] used a 3D-printed scaffold embedded with mesenchymal stem
cells in an effort to increase PEEK bioactivity for craniofacial repair. Computer-aided design
software was used to create customized PEEK scaffolds with a trabecular microstructure,
which were subsequently printed using selective laser sintering (SLS). The scaffold structure
was evaluated using micro-CT, and SEM was used to evaluate scaffold morphology with
and without mesenchymal stem cells (MSCs). The study found that PEEK scaffolds main-
tained the viability of both adipose-derived stem cells (ADSCs) and bone marrow-derived
mesenchymal stem cells (BMSCs); however, ADSCs demonstrated higher osteodifferentia-
tion than BMSCs. Another study evaluated the influence of porous silk scaffolds on the
delivery of growth factors and stem cells to enhance bone regeneration. PEEK scaffolds
can also be used to seed cells that have been altered to express osteoinductive growth
factors, producing a comparable result. Gene therapy carried out by viral or nonviral
transduction is usually required to modify the cells [127]. When evaluating how human
mesenchymal stem cells (hMSCs) function following their seeding on extremely porous
trabecular titanium (I-Ti) or PEEK, the study showed that when it comes to the manner in
which human adipose stem cells differentiate into cells that generate bone in 3D culture,
osteogenic media outperform growth factors. While hMSCs cultured on the T-Ti scaffold
demonstrated uniform colonization of the scaffold, those cultured on PEEK in osteogenic
media showed a decrease in cellular density [128].

4. Clinical Outcomes and Success Rate of PEEK Materials

The clinical outcomes and success rates of PEEK materials are promising, with high
survival rates reported for PEEK implants, PEEK crowns, PEEK abutments, and PEEK
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bridges in several studies. However, more long-term studies are needed to ascertain the
long-term survival and clinical acceptability of PEEK materials.

Siewert et al. [129] reported positive long-term survival rates and patient satisfaction
with PEEK implant-supported full-arch prostheses. Montero et al. [130] found that PEEK
rehabilitation significantly improves bite force, occlusal arrangement, masticatory function,
patient satisfaction, and quality of life. PEEK was shown by Kwan et al. [131] to be a
suitable temporary fixed dental prosthesis during implant treatment, with good results
and limited complications. However, Gowda et al. [79] highlighted a higher failure rate
for immediately loaded PEEK implants compared to those loaded using an early loading
protocol. Most research suggests that PEEK dental materials can offer favorable clinical
outcomes and patient satisfaction; however, careful consideration of loading protocols may
be necessary for optimal success rates.

Wang et al. conducted a comparative study of PEEK and titanium overdentures. The
5-year survival rates were comparable, with those of PEEK at 93.1% and titanium at 93.5%.
PEEK showed slightly better outcomes in terms of peri-implant health: bleeding on probing:
PEEK 13.8% vs. titanium 16.1%, soft tissue inflammation: PEEK 3.4% vs. titanium 3.2%,
vertical bone loss: PEEK 0.70 mm vs. titanium 0.96 mm [8].

Tasopoulos et al. reported a case study of a 47-year-old patient who received a two-
piece PEEK maxillary obturator. After one year of follow-up, no complications were
reported, suggesting promising outcomes for PEEK in maxillofacial applications [132].

While these studies demonstrate promising outcomes for PEEK in dental applications,
it is important to note that long-term data are still limited. A systematic review protocol
conducted in (2024) aims to comprehensively assess the clinical efficacy of PEEK in the
all-on-four concept, which may provide more definitive evidence in the future [133]. In
addition, Khurshid et al. reported that the majority of the evidence regarding the outcomes
of PEEK dental prostheses is obtained from case reports and non-randomized observational
studies [81].

Although long-term data on PEEK prosthetics in clinical use are still growing,
early results from follow-ups highlight their durability, reduced failure rates, and lower
complications, such as mechanical fractures or material wear, compared to traditional
prosthetic materials.

5. Future Directions and Emerging Trends

One of the emerging trends is the customization of PEEK dental prosthetics. Advanced
technologies like 3D printing and CAD/CAM (computer-aided design and computer-aided
manufacturing) are being used to create patient-specific dental implants, crowns, and
bridges. This approach can enhance the fit and aesthetics of dental prostheses [15,134,135].
3D printing technology has been explored for the fabrication of dental prostheses, includ-
ing crowns, bridges, and dentures [136]. 3D printing technology has also been explored
for the fabrication of customized periodontal scaffolds for the regeneration of oral soft
tissues [137]. The integration of PEEK-based dental materials into digital workflow and
teledentistry could streamline treatment planning and delivery, enabling more efficient and
patient-centered care. Interest in the development of hybrid materials that combine PEEK
with other substances like bioceramics or bioactive agents to leverage PEEK’s mechani-
cal properties while enhancing its biological interactions is growing rapidly. Moreover,
advanced techniques such as plasma treatment and coating with bioactive materials can
potentially enhance PEEK’s bioactivity. Continued research on implant design, including
macrostructure and microstructure modifications, can lead to more successful and durable
PEEK dental implants [42]. These improvements may enhance stability and reduce the risk
of implant failure. The use of PEEK-based dental materials and 3D printing technology in
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dentistry raises regulatory considerations. The safety and efficacy of PEEK-based dental
materials and 3D printing technology need to be evaluated through clinical trials and
regulatory approval processes.

6. Conclusions

PEEK is a highly promising material in the field of dentistry, with a wide range of
applications across various specialties. Key findings from the existing literature highlight
PEEK’s exceptional mechanical properties and its versatility in removable and fixed dental
prostheses. Researchers have also been actively exploring ways to enhance the bioactivity
of PEEK implants, opening up new avenues for implantology. PEEK’s notable qualities, in-
cluding mechanical strength, biocompatibility, chemical stability, and radiolucency, position
it as an ideal material for removable dental prostheses. Furthermore, its applications extend
to implantology, removable denture frameworks, fixed partial dentures, and orthodontic
wires. Moreover, PEEK’s unique properties have paved the way for groundbreaking de-
velopments in tissue engineering and regenerative medicine, particularly in areas such as
bone regeneration and the creation of customized periodontal scaffolds. By leveraging 3D
printing technology, dental professionals have gained greater flexibility in designing and
fabricating dental prostheses and scaffolds, thereby ushering in a new era of personalized
dentistry. However, it is imperative to stress that clinical trials and regulatory approval
procedures should be undertaken to thoroughly assess the safety and effectiveness of
PEEK-based dental materials and 3D printing technologies. This step is vital to ensure that
these innovations meet the highest standards and adhere to ethical considerations.

In summary, PEEK-based dental materials hold significant promise for the future of
dentistry, offering a unique combination of properties and the potential for personalized
treatment approaches. However, ongoing research is essential to assess their clinical
feasibility and long-term performance and navigate the complex landscape of regulatory
and ethical considerations, ultimately working toward improved patient outcomes in the
field of dentistry.
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Abstract: Recent research has shown the potential of polyhydroxyalkanoates (PHAs),
particularly poly(3-hydroxybutyrate) (P3HB), to form nonwoven structures with fine fiber
diameter distributions ranging from 2.5 um to 20 pm during the meltblow process. The
shortcomings of existing fabrics of this type include high brittleness, low elongation at
break (max. 3%), and a lack of flexibility. Furthermore, the high melt adhesion and the
special crystallization kinetics of PHAs have commonly been regarded as constraints
in filament and nonwoven processing so far. However, these two properties have now
been used to elaborate a three-dimensional fiber arrangement on a matrix, resulting in
the creation of dimensionally and temperature-stable “nonwoven-parts”. Moreover, this
study investigated the PHA copolymer poly(3-hydroxybutyrate—co-3-hydroxyhexanoate)
(PHBH), revealing a similar processability to P3HB and PHBV in the meltblow process. A
significant increase in the (peak load) elongation in the machine direction was observed,
reaching values between 5% and 10%, while the tensile strength retained unaltered. The
addition of the bio-based plasticizer acetyltributylcitrate (ATBC) to PHBH resulted on an
increase in elongation up to 15%. The three-dimensional fabric structure of PHBH exhibited
complete resilience to compression, a property that differentiates it from both P3HB and
PHBV. However, the addition of the plasticizer to P3HB did not lead to any improvements.
This interesting array of properties results in moderate air permeability and hydrophobicity,
leading to impermeability to water.

Keywords: sustainability; biopolymers; polyhydroxyalkanoates; poly(3-hydroxybutyrate)
(P3HB); poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV); poly(3-hydroxybutyrat-
co-3-hydroxyhexanoat) (PHBH); melt processing; rheology; meltblow(n); nonwovens

1. Introduction

The demand for bio-based and/or biodegradable alternatives to oil-based polymers
is one of the most urgent topics of current polymer research. It should be noted that not
all bio-based polymers (polymers created on the basis of biomass or monomers derived
from biomass) are necessarily biodegradable (decomposing only into CO, and water
under certain conditions) and the other way around [1]. A promising class of polymers,
combining both specifics, are polyhydroxyalkanoates (PHAs). Although over 100 different
PHA variations are known today [2,3], poly(3-hydroxybutyrate) (P3HB) and some selected
copolymers (mainly PHBV and recently PHBH) retain most of the industrial relevance due
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to their price and available scale of production. Meanwhile, a variety of biotechnological as
well as synthetic methods are available for accessing these bio-polyesters [4].

PHA copolymers are frequently reported to exhibit superior properties to homopoly-
meric PHAs, primarily due to their ability to achieve lower crystallinities [5], which in
turn results in reduced brittleness and stiffness [5-8]. Additionally, the use of copolymers
enables more flexible processing due to their lower melt temperatures [5,9-11]. However,
the use of copolymers does not entirely circumvent the issues associated with pure PHAs.
These include the high costs, lower yields in synthesis [12,13], and the dependence of the
property “improvement” on the co-monomer content in the structure [14,15].

The material properties of PHAs are still challenging, which is reasoned in their crys-
tallite melt temperature being located close or slightly below the (thermal) degradation
start temperature [16]. The description of the aging of PHAs in the form of chain scission
and depolymerization due to thermal and/or mechanical influences represents a significant
field of research, to which numerous publications have been dedicated [17-19] and which
will only be referred to in this paper. Additional factors, such as high adhesion of the
melt and low melt strength and stretchability, limit the usability of PHAs even further [20].
Moreover, the initial crystallization rate is coupled with a strong post-(secondary) crys-
tallization process [21]. The latter results in high degrees of crystallinity (up to 80% [16])
with large spherulites [16,22], which consequently leads to a high brittleness [2,20], which
is disadvantageous for industrial applications. In plastics technology, processing methods
are therefore used to optimize the material properties. Typical processing tasks include the
dispersion of additives and the filling or reinforcement of plastic melts. For this purpose,
twin-screw extruders are mainly used. The mixing processes that occur here can be classi-
fied as dispersive and distributive mixing processes. Therefore, the screws have a modular
design and are assembled in accordance with the specific requirements of the process [23].

Polylactic acid (PLA) is the most frequently reported and most industrialized mem-
ber of the family of bio-based polymers. Although desirable meltblown fiber charac-
teristics and nonwoven performance have already been achieved [24-31], its biodegrad-
ability is limited to industrial conditions (specific environmental conditions, e.g., high-
temperature, etc.) [32-35] and is accompanied by the release of toxic residues [36,37]. The
use of PHA-based nonwovens offers a number of advantages over PLA-based nonwovens.
These include intrinsic hydrophobicity, a more comprehensive biocompatibility, faster
biodegradability in flexible environmental conditions, greater flexibility regarding the
applied co-monomers and copolymers, and better CO; neutrality. In contrast, PLA-based
nonwovens may have advantages over PHA-based nonwovens in terms of costs, mar-
ket availability, and application-specific properties like higher flexibility and temperature
resistance [9,38,39].

In previous research, we successfully demonstrated the meltblow processing of differ-
ent P3HB grades and PHBV on a technical scale [40]. Previously, the meltblow processing
of PHAs/P3HB was only reported on lab-scale equipment [41], with a limitation to very
coarse fiber diameters (>10 um) [42] or by use of huge amounts of plasticizers (5-15%),
which resulted in maximum fabric elongations of 4% [41]. In our previous research, we
achieved fiber diameters below 10 um [40] with a median fiber diameter down to 2.4 um.
Additionally, the variability of the median diameter was demonstrated to range up to
20 pm through the adjustment of process settings, thereby illustrating the flexibility for
potential application fields. The shortcomings of post-crystallization were addressed by
developing targeted process settings and time-stable nonwoven fabrics (>1 year). While the
fabrics’ flexibility was sufficient, the elongations at break remained a significant limitation,
reaching a maximum of 3% in both the machine direction (MD) and the cross direction
(CD). However, no improvement to fiber diameters and fabric properties could be achieved
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with PHBV, which may be attributed to the low co—valerate (3-hydroxyvalerate (3HV))
content of industrial-grade PHBV [40].

In this study, our objective was to investigate the potential of PHAs to form a stable
three-dimensional (3D) fabric. This was based on the hypothesis that the combination of
high melt adhesion and special crystallization kinetics could overcome the limitations com-
monly associated with PHAs in filament and nonwoven processing. These 3D structures
were produced directly on the conveyor belt via the meltblow process and were designed to
retain their stability over time and when subjected to certain temperatures. A plant-pot, as a
simple yet application-relevant object shape, was chosen as a demonstrator. The produced
pots were characterized and compared to purchasable reference materials.

Furthermore, this study examined two approaches to enhance the low elongation and
flexibility of PHA nonwovens. Accordingly, the PHA copolymer poly(3-hydroxybutyrate—
co-3-hydroxyhexanoate) (PHBH)—containing short-chain 3-hydroxybutyrate (3HB) units
and medium-long-chain 3-hydroxyhexanoate (3HHXx) units—was investigated regarding its
usability for the meltblow process using a technical-scale meltblow line. Nonwoven webs
were characterized for their base weight, thickness, average fiber diameter, air permeability,
and their mechanical performance (tensile test). Furthermore, the second approach to
improve the properties involved the addition of a bio-based plasticizer (acetyltributylcitrate
(ATBC)) and a bio-based chain-extender (epoxidized linseed oil (ELO)) to P3HB and
PHBH. The compounds were produced using a twin-screw extruder and the materials
were characterized based on their rheological and thermal behavior.

2. Materials and Methods
2.1. Materials
2.1.1. Commercial Polymers

P3HB “P316” was obtained from Biomer Biopolyesters (Schwalbach, Germany). Its
melt flow index (MFI) is specified as 10 g 10 min—! at 170 °C, 2.16 kg (ISO 1133) [40,43].
This material has a broad molar mass distribution and was comprehensively characterized
in an earlier publication [40].

The chemical structure of P3HB is displayed in Figure 1.

Figure 1. Chemical structure of P3HB.

PHBH (chemical structure, see Figure 2) “BP350-15" from BluePHA®PHA (Beijing,
China) was purchased from Helian Polymers BV (DK Belfeld, The Netherlands). According
to the manufacturer’s specifications, at a 3-hydroxyhexanoate (3HHX) content of 10%, this
polymer exhibits a melt flow index of 10-15 g 10 min~! at 165 °C, 5.0 kg (ISO 1133), a
melting temperature of 133 °C, a density of 1.19 g cm 3, and a glass transition temperature
of —2°C [44].

2.1.2. Additives

Two different fully bio-based additives were used in order to optimize the material
properties. The aim of both was to reduce the viscosity to a range that enabled stable
processing in the meltblow process and did not compromise the bio-character. Acetyl-
tributylcitrate (ATBC) (Jungbunzlauer Ladenburg GmbH, Ladenburg, Germany) as well as
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an epoxidized linseed oil (MERGINAT ELO) (HOBUM Oleochemicals GmbH, Hamburg,
Germany) were selected. In addition to its function as a plasticizer, the epoxidized oil
provided the potential to react with the hydroxyl and carboxyl groups of the PHAs in order
to counteract their degradation process.

Figure 2. Chemical structure of PHBH.

2.1.3. Reference Nonwoven Fabrics

Meltblown nonwoven fabrics of P3BHB (Biomer “P316”) and PHBV (“Y1000P”, TianAn
Biologic Materials Co., Ltd., Ningbo, China) from an earlier study [41] were taken as
reference materials. The fabrics were processed using the same machine and setting as for
the polymers in this study. The samples are labeled as “P3HB-Ref.” and “PHBV-Ref.” in
the following.

2.1.4. Commercial Plant Seed Pots (Demonstrator References)

Plant seed pots, made from natural fibers, were purchased commercially to provide a
direct comparison of the targeted demonstrator application to market-available products
which are also of a bio-based and biodegradable nature. Therefore, cellulosic (wooden-
based) plant seed pots “Anzuchttdpfe rund 6 cm J” and coconut fiber-based pots “Proflora
Kokosfaser Anzucht-Pflanztopf 0,30 L” of the same dimensions were obtained from OBI
Home and Garden GmbH (Wermelskirchen, Germany).

2.2. Compounding Experiments

A 75K 26 twin-screw extruder (Coperion GmbH, Stuttgart, Germany) with co-rotating
screws was used for the compounding experiments. A proportion of 10 wt.% for the
additives was determined on the basis of preliminary tests. Various screw configurations
with different proportions of mixing elements and temperature profiles were tested in order
to achieve gentle processing with good homogenization. The final screw configuration and
temperature profile are shown in Figure 3. In addition to the typical conveying elements,
this screw configuration consisted of distributive and disruptive mixing elements as well
as a back-pressure element.

1 2 3 4 5 6 7 8 9 10 "
RT 90°C 120°C 170°C 170°C 170°C 170°C 170°C 170°C 170°C 165°C

nAA VAL SSSRALAA /NANA AN

MMC"EEE:H\ ’ :y‘{("u\“"‘
WA TR AUA R AN \

INNNN

Dispersive mixing Distributive mixing Barrier element
element element

Figure 3. Screw configuration of the ZSK 26 twin-screw extruder and the associated temperature

profile for the treatment (the arrow indicates the extrusion direction).

Further processing parameters included a dosing rate of 4 k h~! for the polymer and a
rotational speed of the twin-screws of 120 rpm. After compounding, the compounds were
dried for at least 24 h at 40 °C in a vacuum chamber.
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2.3. Meltblow Process

Nonwoven processing trials were conducted on a technical-scale line with a work-
ing width of 500 mm. The line consisted of a single-screw extruder (3 zone screw, @
20 mm X 20 D) from Extrudex GmbH (Miihlacker, Germany) and a gear pump from Mahr
Metering Systems GmbH (Gottingen, Germany) with a volume of 0.6 cm® rpm ! to melt
and transport the polymer to the spinning beam with a maximum throughput of 4 kg h=1.
The air system comprised a compressor (Aertronic D12H) from Aerzener Maschinenfabrik
GmbH (Aerzen, Germany) with an air volume flow limit of 220 Nm? h™! (minimum)
and 325 Nm? h~! (maximum) in conjunction with a flow heating system produced by
Schniewindt GmbH & Co. KG (Neuenrade, Germany). The spinneret was a 561-hole
Exxon-type die with a width of 500 mm (28.4 holes per inch (hpi)) and nozzles 0.3 mm in
diameter (L/D = 8). The maximal die pressure of the spinneret was set to 50 bar with a
safety limit of 45 bar. The set-back between the nozzle tip and the air blades was 1.2 mm
and the end gap was set to 2.0 mm for all trials. The conveyor belt manufactured by
Siebfabrik Arthur Maurer GmbH & Co. KG (Miihlberg, Germany) was a steel fabric tape
in canvas weave with a clip seam, measuring a total width of 0.72 m (no. 16 cm ! linen
weave) with a stainless steel (1.4404 AISI 316L) warp and weft wire 0.22 mm in diameter.
The maximum take-up velocity was 10 m min~! and the height relative to the die could
be adjusted from 200 mm up to 500 mm to vary the die—collector distance (DCD). Below
the belt section, where the filaments were laid down, an air-suction box (suction surface of
0.128 m2,0.20 m x 0.64 m) with a maximal suction volume of 2900 Nm3 h! (maximum
flow velocity: 11 m s~!) was placed to remove the process (and secondary) air and to
support the web formation on the belt.

Meltblown nonwovens were produced with the polymers listed in Sections 2.1 and 2.2,
varying the process temperatures and polymer throughput as the main parameters to
reveal a stable process window. The melt temperature was adjusted over the temperature
of the die and the spinning head based on the results of the rheological characterization
(see Section 2.6) of the respective material with the objective of achieving a zero-shear
viscosity at a process temperature of less than 100 Pa s. Furthermore, adjustments were
performed during the experiments in order to obtain constant fiber formation at the die
and a homogeneous shot-free laydown on the conveyor belt.

The process air throughput was varied between the minimum and maximum output
(220-325 Nm> h™!) of the compressor in order to define the possible diameter range
for each polymer at the respective process setting. Due to the delayed and slow start
of the crystallization of PHAs, the process air temperature was maintained 5 K below
the melt temperature and the DCD was kept constant at a maximum of 500 mm. This
approach was taken to avoid sticking or depletion of the deposit on the conveyor and to
reduce fiber-to-fiber bonding [40]. The collector speed was adjusted in accordance with the
polymer throughput in order to produce a constant area and base weight of the produced
nonwovens, with a target of 100 g m 2. This was intended to ensure the comparability
(without influence of the base weight) of web properties under different process settings.

In summary, the following parameters of the entire system were used as variables for
this study:

Polymer throughput: max. 3.5 kg h 1
Process temperature (polymer, air): potentially up to 420 °C;

Air throughput: max. 325 Nm3 h—1;
1

Collector speed: max. 10 m min~
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2.4. Producution of Three-Dimensional Meltblown Samples

Three-dimensional structures were produced using a “counter-shape”, which was
placed on the conveyor belt prior to the deposition point of the polymer stream. A plant pot
55 mm (opening) in diameter (50 mm in height; see Figure 4a) was chosen as an application-
oriented demonstrator shape, based on commercial biodegradable cellulosic reference plant
pots (diameter 6.0 cm, height 65 mm; see Figure 4b).

(a) (b)

Figure 4. Commercial plant (seed) pots used as the counter-shape and reference samples. (a) Plastic
plant pot (counter-shape); (b) cellulosic seed pot (biodegradable reference sample) [45].

After passing through the stream, the pot was rotated by 90° and placed on the start
point again. In total, four passes were carried out with the belt speed adjusted to a base
weight of 35 g m~2 in order to obtain a total base weight of 150 g m~2. After the last
passage, the parts were taken from the conveyor belt and the nonwoven removed from the
counterpart (after around 1 min). The process is schematically shown in Figure 5.

|/ W
ERuRRRRn

Figure 5. Schematic illustration of the three-dimensional nonwoven deposition on a counter-shape
in the meltblow process. Process components: (i) extrusion system; (ii) gear pump; (iii) spin
beam; (iv) nozzle (red arrows: primary (process) air stream); (v) polymer stream; (vi) secondary air
(blue arrows); (vii) air suction; (viii) conveyor belt/winding; (ix) 3D demonstrator fabrics. Three-
dimensional formation process: (1) counter-shape; (1) — (2) deposition of nonwoven layer on the
counter-shape in the meltblow stream (v); (3) removal of 3D-fabric from counter.

2.5. Material Drying and Determination of the Moisture Content

Prior to testing or processing, all materials were subjected to pre-drying in an oven at
80 °C for at least 6 h under fine vacuum condition (<1.8 10~! mbar).

59



Polymers 2025, 17, 51

The residual water content for all polymers was determined by means of Karl Fischer
titration, which was performed on an “899 Coulometer” and an “885 Compact Oven SC”
(both manufactured by Deutsche METROHM GmbH & Co. KG, Filderstadt, Germany) at
140 °C. The resulting water content was required to be <150 ppm, which was achieved for
all types of polymers/compounds.

2.6. Polymer Characterization

Shear rheological experiments in time-sweep modes were performed on a Discovery
HR-2 rheometer (TA Instruments, New Castle, DE, USA) using a plate—plate geometry at a
temperature of 180 °C. The material was placed on the lower plate (25 mm in diameter)
and the gap was adjusted to 1.0 mm. Subsequently, the excess material was removed, and
the test was carried out under a nitrogen atmosphere (50 mL min~!) with 5% elongation
and an angular frequency of 1 rad s~! over a period of 10 min.

Additionally, the thermal properties were determined using different methods. A
DSC 2/400 (Mettler-Toledo GmbH, GiefSen, Germany) was employed for the DSC analysis,
whereby the samples were analyzed in a temperature range from —80 °C to 200 °C at a
heating and cooling rate of 10 K min~!. Two heating phases and one cooling phase were
carried out, whereby an isothermal phase at 200 °C was omitted in order to reduce the
influence of thermal damage on the material. A TGA 3+ (Mettler-Toledo GmbH, GiefSen,
Germany) was used for the thermogravimetric analysis. The samples were analyzed in a
temperature range from 30 °C to 900 °C at 10 K min~! under normal air atmosphere.

2.7. Nonwoven Testing
2.7.1. Fabric Area Base Weight

The area base weight was determined referring to DIN EN 1S0O29073-1, adjusted
by cutting out and weighing 100 cm? square sections (10 cm x 10 cm). To consider
homogeneity scattering in the cross direction (CD) of the nonwovens, three samples with
the dimensions 10 cm x 10 cm were taken in the CD and averaged.

2.7.2. Nonwoven Thickness

The fabric thickness was measured in the samples used for the base weight measure-
ments using a test head (Frank-PTI GmbH, Birkenau, Germany) of 25 cm? and a test force of
5 cN cm 2. Eight measurements were conducted diagonally along the sample, determining
a median value for thickness (9).

2.7.3. Air Permeability

In accordance with the base weight sampling, the air permeability was measured on
the 10 cm x 10 cm sections in accordance with EN ISO 9237:1995-12 with a sample size of
20 cm? and a differential pressure of 200 Pa.

2.7.4. Scanning Electron Microscopy/Fiber Diameter (Distribution)

The fiber diameter distribution was determined by means of scanning electron mi-
croscopy (SEM). Therefore, a circular sample was punched out of the nonwoven and placed
on the SEM carrier, sputtered in argon plasma (40 s under a vacuum of 0.1 mbar, with a
distance of 35 mm, a current of 33 mA, and a voltage of 280 V) with a gold—palladium
layer of 10-15 nm. Three SEM micrographs per sample were taken with a magnification of
%500, using a “TM-1000 tabletop electron microscope” of Hitachi High-Tech Corporation
(Tokyo, Japan). The accelerating voltage was 15 kV in the “charge-up reduction mode”.
The magnification was selected to enable the capture of around 40 individual fibers per
image. Contrast and brightness were adjusted to obtain an image of straight monochromic
fibers in front of a dark monochrome background. To analyze the images with regard to au-
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tomated fiber diameter distribution, the beta-software “MAVIfiber2d, v.1.1” of Fraunhofer
ITWM (Kaiserslautern, Germany) was used [46]. Initially, the images were smoothed by an
algorithm and binarized by the software, after which a statistical analysis was conducted
on each fiber pixel without segmentation into individual fibers [47,48]. After merging the
output of the three images, the mean and median fiber diameter as well as the standard
deviation and interquartile range were determined.

2.7.5. Mechanical Properties

Tensile tests of the nonwovens were carried out on an “Instron UPM 4301” of Instron
GmbH (Darmstadt, Germany) to determine the tensile strength () and the elongation at
peak force (g5;) and at break (ep) of the nonwoven fabrics in the MD (machine direction)
and CD (cross direction), as well as the Young’s modulus (E) as the secant modulus. For
each sample, five specimens with a width of 15 mm were cut out in the MD and CD and
tested. The 3D demonstrators (pots) were sliced open along one edge to form a flat “sheet
and five specimens were cut out randomly.

77

The sample thickness was determined individually in accordance with the specifi-
cations set forth in DIN EN ISO 9073-2 and the median of five measurements was used
for the calculation of the stress from the recorded force. The tests were conducted with

100 mm min~!

using a 5 kN measuring head with pneumatic clamps (clamping length of
100 mm). The tenacity was calculated for the sample dimensions, the fabric thickness, and
the measured peak force. The median and the standard deviation of all measured properties

were employed to facilitate a comparative analysis of the nonwoven characteristics.

2.7.6. X-Ray Diffraction

Wide-angle X-ray diffraction (WAXD) measurements were recorded on a “D/Max
Rapid II diffractometer” (Rigaku Corp, Akishima, Japan), equipped with a 0.8 collimator
and an image plate detector using monochromatic Cu K« radiation (A = 0.15406 nm;
Ugee =40 V; Igee = 30 mA). A scanning rate of 0.2° min~!and a step size of 0.1° were applied.
The measurement time was one hour for all samples under investigation. Background
correction was performed using a blank measurement and the resulting scatter images
were converted into the corresponding diffractograms using 26 intensity conversion. The
diffraction patterns were analyzed using the PDXL 2 software (version 2.3), and pseudo-
Voigt profile fitting was chosen for the evaluation of reflex positions and crystalline fraction
determination. The degree of crystallinity x. was calculated according to Equation (1),

Yl

A W

where I; and I, are the integrated intensities of crystalline reflexes and amorphous reflexes,
respectively.
The samples were prepared by arranging nonwoven sheets parallel to the carrier.

2.7.7. Thermal Stability

To determine the time and temperature stability, nonwoven fabrics (flat sheets) were
tested in relation to their heat shrinkage according to the “drying oven method” (ISO
11501:1995 and GB/T 12027-2004) [49]. Rectangular samples (300 mm x 50 mm in MD)
were punched out on the left, in the middle, and on the right side of a nonwoven sample.
The specimens were placed free-hanging in an oven at 120 °C. After reaching the specified
time of 15 min, the samples were taken out and the size of the samples was measured. The
ratio of the dimensional change value to the size before shrinkage was calculated as the
percentual shrinkage rate of the sample.
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Furthermore, three-dimensional nonwoven demonstrators were placed into an oven
with a defined temperature, starting with 100 °C. The parts were kept in the oven for 15 min
and the dimensions were measured before and after “tempering”. When no changes were
observed, the procedure was repeated at a 10 K higher temperature.

2.7.8. Qualitative Evaluation of the Flexibility and Shape Retention of 3D Nonwoven
Structures

To evaluate the flexibility of the three-dimensional nonwovens qualitatively, the pots
were loaded with a weight of 400 g. After a loading time of one minute, the weight was
removed and the shape retention was quantified based on the ratio of the initial to the final
pot height (see illustration in Figure 6).

(iii) unloading

(i) initial status (ii) compression

Figure 6. Schematic illustration of the qualitative determination of the flexibility and shape retention
of the three-dimensional meltblown structures: (i) initial status (height ly) of the sample; (ii) sample
compressed to height I; by the weight of mass m; (iii) sample with height l. after relaxation after
unloading.

Thereby, the original form was labeled as Iy. During loading, the shape was com-
pressed (1) due to the weight force (F). When the weight was removed from the shape (l.),
the relieved shape was compared with the previous initial shape. The differences in height
were measured in the z-coordinate.

3. Results and Discussion
3.1. Characterization of the Compounds

Figure 7 illustrates the DSC measurements through the use of additives. Multiple
peaks, as they appear in the thermograms of P3HB and PHBH, have already been identi-
fied in other studies. These may be attributed to a combination of melting, recrystalliza-
tion during heating, different crystal modifications (polymorphism), different molecular
weights, different morphologies, and the physical aging or relaxation of the rigid amor-
phous part. [50]. A broad and blurred melting range with two peaks was identified for
P3HB. According to earlier findings [40], this phenomenon can be attributed to a broad
molecular weight distribution, resulting in an inhomogeneous melting behavior.

It can be seen that the melting temperature and crystallization temperature decrease
by using both additives. While endothermic peaks at 165.7 °C and 158.2 °C were identified
for “pure” P3HB (a), these were reduced by around 1-2 K when using 10 wt.% ELO (b) and
by around 3-5 K when using 10 wt.% ATBC (c). This phenomenon can be explained by
the improved mobility of the polymer chains due to the additives, whereby the secondary
valence forces are reduced allowing for melting at lower temperatures. In comparison, the
exothermic peak of 107.2 °C of “pure” P3HB was reduced by 3 K (ATBC) and by 1 K (ELO).
The incorporation of additives impedes the formation of tight molecular aggregates, thereby
postponing the onset of crystallization. Acetyltributylcitrate exhibits a markedly superior
plasticizing effect compared to the epoxidized oil extending the processing window to lower
temperatures. For this reason, only acetyltributylcitrate (ATBC) was considered for PHBH.
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Figure 7. Illustration of the melting temperature Tm (second heating cycle) and crystallization
temperature Tc (a) of commercially pure P3HB, (b) of P3HB with 10 wt.% ELO, and (c) of P3HB with
10 wt.% ATBC.

For PHBH, enthalpy relaxation after the Ty, and several exothermic effects were ob-
served (Figure 8). This leads to the assumption of slow and incomplete crystallization after
the first heating process, with post-crystallization processes and crystal perfection taking
place in the subsequent melting process.
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Figure 8. Illustration of the melting temperature T}, (second heating cycle) and crystallization
temperatures T, (a) of commercially pure PHBH and (b) PHBH with 10 wt.% ATBC (the dashed lines
indicate the base line extension of the software for the evaluation of the melting peaks).

Despite the complex behavior, significantly earlier melting was observed compared to
P3HB. As PHBH is a copolymer comprising 3HB and 3HHXx units, this can be attributed
to the steric hindrance caused by the propyl group. Depending on the proportion in the
copolymer, this group hinders the dense packing of the polymer chains, which reduces the
secondary valence forces and promotes early melting. Since, according to Eraslan et al. [51]
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and Volova et al. [52], a PHH homopolymer is an amorphous material, the melting range
can be attributed to the crystallites of the 3HB component. With regard to the chain
degradation of PHAs due to increased temperatures, the reduced melting temperature
allows for processing at lower temperatures. This can counteract chain degradation at
elevated temperatures.

Table 1 presents the results of the TGA measurements (onset temperature T, the
temperature at 10% mass loss T1g, and the endset temperature T,,,;) of the degradation
stage of the various materials. The decomposition of P3HB takes place over a broader
temperature range, which is why a higher temperature with a mass loss of 10% and a higher
endset temperature could be identified despite a lower onset temperature. In addition to a
broad molecular weight, which could already be observed in [40], this result may also be
attributed to the presence of additives that only decompose at elevated temperatures. The
use of the citrate ATBC generally resulted in increased degradation at lower temperatures.
The degradation stage is characterized by a “smearing” effect, which can be attributed to
the mixture of the polymers with the citrate, resulting in a multimodal and broad molecular
weight distribution.

Table 1. Results of thermogravimetric analysis.

Material Ton/°C T192/°C Tena/°C
P3HB 277.9 284.0 306.4
P3HB + 10 wt.% ELO 275.3 252.0 311.7
P3HB + 10 wt.% ATBC 276.2 244.7 306.8
PHBH 277.1 275.0 295.9
PHBH + 10 wt.% ATBC 276.6 269.0 297.3

The use of an epoxidized oil did not result in less degradation overall compared to
the untreated material. Given the assumption that the epoxy group is capable of reacting
with the respective chain ends, the usage of an epoxidized oil should delay the progressive
depolymerization. Only T,,q showed a higher temperature, which could be explained by
the higher decomposition temperature of the epoxidized oil itself. It was previously found
by Park et al. [53,54] that the carboxylic acid groups from the decomposition of PHAs can
react with epoxide groups to form networks between the chains and retard degradation.

According to state of the literature, reviewed by Eraslan et al. in 2022 [51], PHBH is
said to have increased thermal stability due to its 3BHHx content. For PHBH with a 3HHx
content of 10 mol.%, the TGA consistently showed the lowest temperatures for the course
of decomposition. This is particularly evident in the onset and endset temperatures. Thus,
contrary to assumptions, the lowest thermal stability was identified for PHBH.

Figure 9 shows the complex viscosities of the different materials over time. The obser-
vations from the DSC measurements are also represented in the rheological analysis. As
can be seen, the use of external plasticizers in commercially available PHAs enables melting
at lower temperatures and thus reduces viscosity. Therefore, the impact of plasticizers is
evident in the vertical shift in the curve towards lower viscosities by allowing the chains to
slide away from each other more easily. This development is significant for PHAs, as these
react sensitively to elevated temperatures, especially when accompanied by mechanical
stress. A reduction in the initial viscosity of approx. 59-64% was achieved with the various
materials using ATBC.

In contrast, the epoxidized linseed oil only has a minor influence here too. In addition
to the molecular structure, the molar mass can also be cited as the reason for the different
behavior of the additives. As acetyltributylcitrate has a significantly lower viscosity than
the epoxidized oil, the viscosity is reduced to a greater extent by the addition of the same
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proportion, irrespective of the softening effect. A lower level of degradation due to reactions
with the epoxy groups could not be observed.

1000
g
Z
= —P3HB
v
8 100 - —P3HB + 10 % ELO
- P3HB + 10 % ATBC
@
= —PHBH
8 PHBH + 10 % ATBC
10 : 1 : : 1 1 : : 1
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Figure 9. Rheological characterization using time sweep at a temperature of 180 °C, 5% strain, and a
frequency of 1 rad s~ 1.

In addition, the degradation process of the polymers in the rheological analysis also
leads to a further drop in viscosity over time. This is particularly pronounced in the case
of PHBH, while the viscosity of P3HB decreases to a lesser extent. It is well known that
the rheological behavior not only depends on test parameters such as temperature and
the constitution of the polymer. With an increasingly broad molecular weight distribution,
the low-molecular-weight components also act as a lubricant and promote the flow of the
plastic melt [55]. Since, according to [40], P3BHB already has a broad molecular weight
distribution, this could explain the already low initial viscosity. However, since PHBH has
a melting range at lower temperatures than P3HB, a lower viscosity was also anticipated
at the set testing conditions. However, factors such as the molar mass itself also play an
important role, which is why a higher molar mass can be assumed for PHBH.

3.2. Investigation of the Meltblown Processability

Based on the observed differences in the material properties of the three PHA types
(P3HB, PHBYV, and PHBH) and the PHA compounds (compare Section 3.1 and [40]), differ-
ences in their processing behavior and/or the requirement of adaption in the processing
parameters (required temperature, limitation in throughput, and accessible fiber diameters)
can be assumed. This was already highlighted by the melt flow (rheological) curves and
the relevant characteristics of the materials at 180 °C compared in Table 2.

Table 2. Rheological characteristics from the time sweeps (w = 10 rad s e= 10%) and MFI data of
the different PHAs.

. Nto (180 °C) G’y (180 °C) G’y (180 °C) MFI
Material /(Pas) /Pa /Pa /(g 10 min—1) 1
P3HB 137 250 1354 10 [43]
PHBV 434 684 4287 10-25 [56]
PHBH 634 1150 6242 3 [44]
P3HB+ELO 37 30 373 -
P3HB+ATBC 38 33 380 -
PHBH+ATBC 245 252 2405 -

1T=180°C,2.16 kg.
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While the melt flow index (MFI) is a weak parameter [40,57], the viscosity in the
Newtonian (shear-independent) regime serves as an established tool for the prediction of
the processability. However, as PHAs are subject to a strong thermal degradation at tem-
peratures close to their melting temperature, the reliability of frequency and temperature
sweeps is negated. For this purpose, the start values (1710, G'to, G1,) as unaffected measured
values were taken from tests in the time-sweep mode under low-shears condition. These
were supplemented by the viscosity value corresponding to a characteristic residence time
in the extrusion process (~300 s) #300s. The final resulting processing temperatures of each
material and the respective rheological properties are presented and compared in Table 3.

Table 3. Estimation of the process temperature and characteristic shear rheological properties of the
different PHAs at the process temperature.

. T, roc to (T roc) 300s (T roc) GltO (T roc) G//tO (T roc)
Material /C Tpam. P lpad) /Pa /Pa’
P3HB 180 137 67 250 1354
PHBV 200 227 49 199 2262
PHBH 190 325 52 151 3621
P3HB+ELO 176 48 36 47 476
P3HB+ATBC 176 45 37 41 445
PHBH+ATBC 190 62 18 17 623

While the virgin PHA types show higher start viscosities above the processing window
for meltblow processing (~<150 Pa s), which one can achieve within a typical extrusion time,
the processed compounds “P3HB+ELO”, “P3HB+ATBC”, and “PHBH+ATBC” already lie
below the upper processing limit and thus are in the processable window. Further, it can be
noted for PHB that the plasticizing additives cause a lower process temperature due to the
reduction in viscosity. However, PHBH, supplemented with ATBC, also shows a significant
reduction in viscosity, but no reduction in the processing temperature was possible due to
a high process pressure level, although the viscosity dropped significantly over the 300 s
residence time.

All processable settings (at the respective lowest possible process temperatures en-
abling a homogeneous fiber deposition) are given in Table 4.

Table 4. Process settings of the meltblow trials.

Throughput . Air Volume
Trial-Nr. T/ygt };a(‘:r /(g ho1 D1e-}’l;:rssure Flow Limitation(s)
min—1) /(Nm3 h—1)
P3HB-Ref-01 180 175 0.077 31.0 220
P3HB-Ref-02 180 170 0.077 21.7 220 -
P3HB-Ref-03 180 175 0.077 21.8 325
No stable process at lower throughput
PHBV-Ref 200 195 0.051 264 325 _ (degradation dominates)
Limitation of max. throughput
(die-pressure)
P3HB+ELO-01 176 170 0.039 7.1 220 Edges stick
P3HB+ELO-02 176 170 0.039 7.1 325 strongly
P3HB+ELO-03 176 170 0.077 12.3 220 to conveyor
P3HB+ELO-04 176 170 0.077 12.3 325 belt
P3HB+ATBC-01 176 170 0.039 23.5 220 -
P3HB+ATBC-02 176 170 0.077 25.0 220 The higher the throughput, the more
P3HB+ATBC-03 176 170 0.077 25.0 325 inhomogeneous the deposition
PHBH 190 185 0.032 35.0 325 Limitation of max. throughput (die
pressure)
PHBH+ATBC-01 190 185 0.032 47.2 220 :
PHBH+ATBC-02 190 185 0.032 52.0 325 Hlﬁh pre}fsurel.le‘fd 4
PHBH+ATBC-03 190 178 0.039 46.4 240 — throughput limite
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As for the virgin polymers, the P3HB compounds allowed a higher flexibility of
the throughput, showing the possibility to achieve higher per-hole throughput levels
>0.1 g min~!. Unmodified PHBH was limited to low or moderate throughputs at a quite
high process temperature of 190 °C, although its melting temperature was intrinsically
lower. For this, a too-high mean polymer chain length can be assumed in correlation
with the significant higher melt viscosity at 180 °C compared to P3HB and even PHBV, as
characterized in a previous work [40]. However, as the processing temperature of PHBH
was almost as high as for PHBV, the use of PHBH and the compound PHBH + ATBC
resulted in a more stable meltblow process and a more homogeneous fiber deposition due
to the higher difference between its processing temperature and its melting temperature.

3.3. Nonwoven Characteristics

Figure 10 shows the SEM micrographs at 100 x magnification for the reference nonwo-
vens from [40].

MITF-73-1° 202301 28

-FA-0714
ME_bE3-03 ME_bE3-01

@ — _ ®)

DITF-73-1432 2023007

20230 Fil 1 mm

DITF-73-0772
ME_bE3-04 ME-242-0

(0) (d)

Figure 10. SEM images (100 x ) of the reference fabrics of P3HB and PHBV: (a) P3HB-Ref-01; (b) P3HB-
Ref-02; (c) P3HB-Ref-03; (d) PHBV-Ref.

A too-high difference between the air temperature and the temperature of the melt
(10 K vs. 5 K) for P3HB-01 (Figure 10b) led to a too-coarse fiber deposition, while a too-
high air amount led to a highly nonuniform fiber diameter distribution of fine and coarse
fibers (PHB-03; Figure 10c) due to higher air flow turbulences in the process. This was
also the case for PHBV (Figure 10d), but at a higher level due to the harsher processing
temperatures.

Figure 11 shows the respective SEM micrographs for all produced nonwoven samples
from virgin PHBH and the P3HB and PHBH compounds.
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Figure 11. Cont.
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Figure 11. SEM pictures (100x) of the produced fabrics from P3HB+ELO, P3HB+ATBBC, PHBH
and PHBH+ATBC: (a) P3BHB+ELO-01; (b) P3HB+ELO-02; (c¢) P3BHB+ELO-03; (d) P3BHB+ELO-04;

(e) P3BHB+ATBC-01; (f) P3HB+ATBC-02; (g) P3HB+ATBC-03; (h) PHBH; (i) PHBH+ATBC-01;
(j) PHBH+ATBC-02; (k) PHBH+ATBC-03.

PHB, compounded with epoxidized linseed oil (ELO), resulted in a deliquescing of
the deposited fibers and “thermal branching” (merging of fibers due to flow reasoned by
insufficient cooling [27,41]) at a lower throughput of 0.039 g ho~! min~! (P3HB+ELO-01
and P3HB+ELO-02; Figure 11a,b). At a higher throughput of 0.077 g ho~! min~?, the fiber
deposition was more homogeneous and the average fiber diameters were similar to those
of P3HB from previous works [40,58]. Therefore, a higher difference between process air
temperature and melt temperature (12 K vs. 5 K, compare Table 4) successfully achieved a
finer and denser fiber deposition (P3HB+ATBC-03, Figure 11k).

The test results of the characterization of the nonwovens are given in Table 5.

Comparing the P3BHB compounds to the virgin P3HB showed a similar mechanical
performance. A slightly higher tenacity could be achieved with the setting PSHB+ELO-02.
However, the elongation of fabrics could not be increased by compounding P3HB with the
bio-based plasticizers. Thus the main intended purpose of their use was not successful at
this point. Nevertheless, for the compounds of P3HB with ELO, an increase in the Young's
modulus (~10%) could be observed when less polymer throughput was applied. This is
due to the drag force of the process air acting with higher efficiency on a lower amount of
melt (due to higher polymer chain orientation) until solidification. The air permeability
was lower for all P3HB compounds, which also correlates with a higher resulting base
weight, which derivates by up to two times (>200 g m~2) from the set target value due to a
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narrower fiber deposition on the conveyor belt (<500 mm vs. 550 mm). A potential reason
for this is the formation of a denser air curtain around the nominal lower viscous melt.

Table 5. Characteristics of the produced and reference nonwoven fabrics; bold: samples showing the
best/superior properties.

Fiber Air

. . . ., 3

Tral Nk Base Weight Thickness Difimeter Permeability Tenacity Elongation Modulus

- /(g cv!? Jum Median Mean ;5 1) MD/CD MD/CD MD/CD

m-2) /% " /um  /um m-=s /(N mm~—2) 1% /(N mm~—2)

P3HB-Ref-01 93 11 235+ 19 46 7.0 680 + 100 1.6 £0.1/0.9 £ 0.1 44+1/5+1 92 4 4/47 +2
P3HB-Ref-02 94 14 346 + 43 13.7 162 4640 +880 0.7+ 0.1/0.5+ 0.1 3+1/3+1 394+ 7/28 + 4
P3HB-Ref-03 99 16 299 + 40 7.3 12.7 1550 =+ 430 14+0/0.7+0.2 3+0/3+1 76 +5/38 +7
PHBV-Ref 120 8 566 + 79 3.5 48 2030 + 340 0.840.1/0.3 %0 1+0/1+1 61+5/31+5
P3HB+ELO-01 220 5 456 + 55 106 16.7 285 + 14 1.5+02/1.1+0.1 241/2+1 116 £ 4/78 £ 5
P3HB-ELO-02 228 7 434 + 34 105 128 230 + 61 1.8+£0.1/1.0 £ 0.1 240/2+1 107 £5/69 + 2
P3HB+ELO-03 223 12 562 + 118 9.3 11.3 863 + 156 1.1+0.1/0.6 £0.1 3+0/2+1 53 + 6/36 + 4
P3HB+ELO-04 204 18 504 + 132 7.3 9.8 537 + 125 13+0.1/1.0+0.1 3+0/2+1 714+6/54+9
P3HB+ATBC-01 188 12 373 + 52 8.8 12.0 390 + 19 1.4 +0.1/08+0.1 240/2+0 9247/56 + 6
P3HB+ATBC-02 213 12 516 +102 142 159 765 + 65 1.0 £0.1/0.6 £ 0.2 240/2+1 69 +12/36 £ 7
P3HB+ATBC-03 204 14 454 + 106 7.4 10.0 543 + 45 13+0.1/0.8+0.2 24+1/2+1 93 4 17/47 + 4
PHBH 128 1 390 + 48 45 6.2 700 + 69 2.5+ 0.1/1.2 + 0.1 54+0/6+0 100 £2/4 + 1
PHBH+ATBC-01 140 12 335 + 26 6.5 7.9 185 + 32 15+£0.1/12+0 10+£2/224+3  60+£2/41+2
PHBH+ATBC-02 131 11 343 + 24 8.8 8.5 411 + 101 1.6 +0/1.0 +0.1 154+2/14+1 58+5/35+1
PHBH+ATBC-03 120 22 376 + 69 3.6 6.4 270 + 40 22401/11401  6+0/10+2 85 4 5/45 + 2

1 Coefficient of variation (standard deviation divided by mean average). 2 Elongation at max. force. 3 Young’s
modulus.

The fiber diameter range, quantified by the mean and the median of the fiber diameter
distribution, is similar to that of the samples presented in previous works [40—42]. The
average fiber diameters of the PHBH fabrics, as well as the fabrics of the modified polymers,
are slightly higher. However, the sensitivity of the fiber diameter to process parameter
changes appears to be reduced. The fiber diameter variation displayed by the samples (ratio
of the median to the mean average) is also in a standard range for meltblown nonwovens.
In this context, the meltblowing process generally generates broader fiber distributions than
other processes, e.g., the melt spinning of yarns. This is due to the complex interactions
between the polymer melt and the turbulent air flow [59,60].

Replacing P3HB with PHBH results in a higher tenacity at comparable fiber diam-
eter averages and air permeability values. However, the flexibility of fabrics improved
drastically (qualitatively), and the elongation at maximum force could be successfully
raised to 5% in the machine direction (MD). The fabrics of the PHBH compounds showed a
lower tenacity and became denser, while also showing reduced air permeability, but the
elongation further increased to >10%, thus fulfilling this study’s hypothesis.

Summarizing the characterization of the nonwovens, the key nonwoven characteristics
(tenacity, elongation, modulus, and base-weight-standardized air permeability), selected
for the best values for each material, are compared in Figure 12 for the different materials
used.

As pointed out before, nonwovens made from virgin PHBH showed the highest
tenacity (in both MD and CD), while PHBV was clearly limited in its mechanical strength
(Figure 12a). PHBV also showed the lowest elongation, while this parameter was sig-
nificantly increased for PHBH and further so for the compound of PHBH with ATBC
(Figure 12b shows the elongation at break in contradiction to Table 5 at max. force). The
Young’s modulus (Figure 12c) was again low for PHBV, but superior for P3HB when
combined with ELO. The air permeability, standardized to the base weight to ensure com-
parability (Figure 12d), was significantly higher for both reference materials, virgin P3HB
and PHBV, compared to the materials presented in this study, which may be significant for
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the choice of application. However, virgin PHBH still has a higher ratio of air permeability
than the compounds used.
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Figure 12. Comparison of the mechanical properties achieved with the different PHAs/compounds
in MD (blue) and CD (orange): (a) tenacity, (b) elongation at break, (c) modulus, and (d) base-weight-
standardized air permeability.

Figure 13 shows the results of the wide-angle X-ray diffraction, performed on a selected
sample of each material, in order to obtain information about the crystallization status
(degree of crystallinity and crystal structure) of the fabrics.

As already obtained in our previous work [41] (see the samples “PHB-Ref” and
“PHBV-Ref” in Figure 8b), all X-ray diffraction images showed a semi-crystalline pattern.
Several crystalline reflections occurred at 26 ~ 13.5° ((020)), 16.9° ((110)), 19.7° ((101)), 21.5°
((111)), 25.3° ((130)), 27.0° ((040)) and 30.0° ((002)) in accordance with the literature [3,40,61].

Differences in the process settings (throughput rates, air amounts, etc.) did not play
a role in the crystallization, which is characteristically delayed for PHAs. However, the
physics of the meltblow process with high forces from the air stream resulted in high
orientation, leading to highly crystallized structures. The crystallinity of all samples was
determined by fitting (pseudo-Voigt profiles) the diffractograms in the range of 26 = 10-40°.
The crystallinity for the P3HB samples was between 71% and 77%, that of OHBV was
between 75% and 80%, and that of the PHBH samples was between 60% and 77%. The
plasticizers showed limited influence on the peak positions and crystallinity.

In comparison to [3,40], the identified peaks indicate the predominance of orthorhom-
bic x-crystals, with hexagonal B-form crystals (shoulder at 26 ~ 20°, (101)-lattice) also
present. This shoulder is indeed more pronounced for P3HB/PHBV and very diffuse
for PHBH. Referring to Hufenus et al. [62], 3-crystals develop stress introduced in the
amorphous P3HB regions between lamellar o-crystals.

The presence of the shoulder at 26 ~ 20° ((101)-lattice) is typical for introduced chain
orientation, such as uniaxial stretching [3,63], stress-induced crystallization [10,64], and
the distribution of different crystal sizes. Another reason could be random chain scission
during degradation [17,64,65], which is very common in the processing of PHAs, forming
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crystals with different lamellar thicknesses and thus different melting kinetics. However,
the results indicate that the copolymer prefers to form «-crystals rather than 3-crystals.

(b)
——— P3HB-Ref-01 - - - - P3HB+ELO -~ P3HB+ATBC-03
—PHBV-Ref _——PHBH - - - - PHBH+ATBC-03

Normalized Intensity / a.u.

(0) (d)

Figure 13. Exemplary X-ray scattering image of (a) a P3HB meltblown sample, (b) PHBV-ref., (c) and
a PHBH meltblown sample and (d) corresponding X-ray diffraction patterns of different process
settings: blue: P3HB; red: PHBV; green: PHBH.

Furthermore, the materials were tested regarding their heat shrinkage. Due to the
melting temperature of PHAs, the standard testing temperature (200 °C) was modified to
120 °C. The results are given in Table 6.

Table 6. Results of the heat shrinkage test (120 °C, 15 min) of the meltblown materials; the results
comprise all variations of the respective PHA type/compounds.

Material P3HB P3HB+ECO P3HB-ATBC PHBV PHBH PHBH+ATBC
Shrinkage in MD/% 1.7 £ 0.6 1.9+ 0.6 1.3£0.5 1.6 £0.6 1.7 £0.8 1.5+0.5
Shrinkage in CD/% 1+£11

1 No differences between all samples.

The heat shrinkage of all materials lies in the same range. Furthermore, the dimen-
sional change is at such a low level that heat shrinkage can (almost) be excluded for all
PHA types and compounds tested. For PHBH, this behavior of the nonwoven material
contradicts the thermal behavior of the granules (see Section 3.1, Figure 9), which already
showed two melting peaks of lower enthalpy at 75 °C (T;;1) and 110 °C (T;2), before the
final melting peak at 130 °C occurred. These peaks could be reproduced by measuring the
nonwoven material, but with the absence of a previous recrystallization (see Appendix B).
This indicates that the crystal structure corresponding to (T};3) is dominant after meltblow
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processing due to the high orientation. Furthermore, the enthalpy content of the peak cor-
responding to T3 (~18 ] g 1) is significantly higher towards T (2.0 ] g 1) and negligible
for Tp1 (03] g ).

3.4. Processing of Three-Dimensional Nonwoven Structures

The principle of three-dimensional meltblown structures was previously demonstrated
by Farer et al. in 2003 [66]. However, they used a small lab-scale die with a width of
78 mm and a six-axis robotic arm and an additional external axis to spray fibers on a
3D-carrier structure/layer. This requires facilitating an independent machine set-up and is
not applicable to standard (industrial) meltblow lines.

The high melt adhesion and the delayed crystallization, two parameters often cited
as major drawbacks of PHAs, helped to successfully deposit the nonwoven structure on
a three-dimensional counter-piece and to remove the resulting 3D-nonwoven structure
from it without damage and without loss of the applied shape. Polymers showing a strong
initial crystallization, such as polypropylene, do not show this described behavior, as the
finest fibers generated in the meltblow process have already cooled too much before they
hit the counter piece and lose the applied shape after being withdrawn.

In Table 7, the characteristics of plant seed pots made from P3HB, PHBV, and PHBH
are compared to those of two commercial reference pots (of the same dimensions) made
from natural fibers (cellulose and coconut fibers).

Table 7. Material characteristics of the three-dimensional PHA nonwoven demonstrators compared
to the commerecial reference plant pots.

Property P3HB PHBH PHBV Cellulose!  Coconut !
Area weight (g m~2) 151 +12 151 £22 148 +£3 296 + 18 476 + 43
Wall thickness (um) 646 £84 409448 662 +49 1597 £120 2689 £ 294
Tensile tenacity (N mm™—2) 1.6+£01 22401 08+£02 1.6+ 04 07+02
Elongation (%) 4+1 13+£3 2+1 3+1 2+0
Youngs modulus (N mm~2) 75+ 19 95 +4 49+7 73+ 13 49+7
Air permeability (Lm=2s~1) 2010+74 676 +75 1060 + 56 27+3 114 +£2
Water retention (%) 100 2 1002 100 2 03 03

1 Commercial references. 2 For at least 50 h after filling. 3 Directly after filling.

Comparing the mechanical properties, the tensile strength of the cellulosic pots could
be achieved with P3HB and PHBH and the lower strength of the coconut pots could also
be achieved with PHBV. The elongation is low for all materials, including the references,
and superior for PHBH. Moreover, the Young’s modulus was the highest for PHBH and
comparable for P3HB and cellulose fibers, as well as for PHBV and coconut fibers. It is
noteworthy that the base weight of the PHA pots is only half that of the cellulosic and
around 33% that of the coconut fiber pots, combined with their significantly lower wall
thicknesses, while offering at least equal mechanical performance. PHBH has the lowest
thickness due to its denser structure. While the air permeability is, as before, high for P3HB,
the reference pots are almost impermeable for air. Filling the plant pots with water reveals
another interesting feature of the PHAs. Due to their intrinsic hydrophobicity, the water
remains in the pots for at least 50 h before the pots become water-permeable.

As with the flat sheet nonwovens, the three-dimensional nonwoven structures were
tested with regard to their thermal stability. As all the materials used showed equal
results in the heat shrinkage test previously, only P3HB was tested in this test. Plant pot
demonstrators were exposed to different temperatures starting at 100 °C for 15 min in an
oven. After removing these samples from the oven, they were examined for dimensional
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changes. Photographs of the 3D-nonwovens after exposure to different temperatures are

presented in Figure 14.

(a) (b)
(0) (d)
(e) ®)

(8)

Figure 14. Results of the tests of 3D P3HB nonwoven samples regarding their thermal stability at
different temperatures. (a) Reference—untreated; (b) 100 °C, 15 min; (c) 110 °C, 15 min; (d) 120 °C,
15 min; (e) 130 °C, 15 min; (f) 140 °C, 5 min; (g) 150 °C, 1 min.
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Starting at 100 °C (Figure 14a) up to 130 °C (Figure 14e), the plant pots showed no
change in their shape or their dimensions. The plant pot exposed to 140 °C (Figure 14f)
showed loss of its shape after five minutes of exposure and the pot that had been exposed
to 150 °C (Figure 14g) showed significant signs of decomposition, while the samples placed
in the oven at 160 °C decarbonized entirely without residues (residues sucked away by
the suction of the oven or spreading of the melt on the firebrick substrate) after 1 min
of exposure to these conditions. As the meltblown fibers were identified to be highly
crystallized, this behavior is not based on usual shrinkage mechanisms, but on the onset
temperature of the melting region, which lies between 125 °C and 140 °C (see Section 3.1,
Figures 7 and 8). The higher surface to volume ratio of fine meltblown fibers can explain
their higher affinity for faster melting at lower temperatures compared to the granular
material.

In addition to the thermal stability, the structural stability and flexibility of the three-
dimensional structures were also tested. For this purpose, plant pots made from P3HB,
PHBV, and PHBH were compressed with a load of 400 g and their ability to unfold af-
ter compression was quantified as dimensional differences from the original state. The
qualitative results are given in Table 8.

Table 8. Results of the qualitative shape stability test (squeezing under load and unfolding); “0”:
sample remains deformed after compression; “1”: full shape resiliency.

Material PHB1 PHBV PHBH 2

Result 0.53 0 1

! Including PHB with additives (ELO/ATBC). 2 Including PHBH+ATBC. 3 Pods tear at the opening when loaded,
but straighten up after the first time of reloading.

In terms of mechanical characteristics, the PHBH pots show a superior behavior to
P3HB (and PHBYV). The structure straightens itself out completely after unloading, whereas
the P3HB and PHBV pots remain compressed or break easily under compression load.
Thus, PHBH reveals a superior flexibility (mechanical resistance) as well as significantly
higher ductility (elongation). This flexibility is not only based on elasticity, as the modulus
of the PHBH fibers is in the same range as other (brittle) materials, but may be based on
the fiber-to-fiber interactions and the fiber network formed in the meltblown deposition.
Chemically, this may also be due to the longer alkyl-side chains of the hexanoate building
blocks in the polymer chain. These are the reasons for PHBH's lower crystallization [67] and
correspondingly the higher proportion of amorphous regions in PHBH, which introduce
more flexibility and ductility. Additionally, the higher chain mobility of the copolymer
PHBH compared to the homopolymer P3HB, displayed by the lower crystallite melting
temperature and especially the lower Tg, contributes to its higher flexibility and ductility at
room temperature.

4. Conclusions

In this study, the great potential of polyhydroxyalkanoates (PHAs), especially poly(3—
hydroxybutyrate) (P3HB) and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH),
to form different nonwoven structures with fine fiber diameter distributions in the meltblow
process was demonstrated. The DSC characterizations showed that both P3HB and PHBH
exhibit complex thermal and crystalline properties. PHBH generally shows an earlier
melting behavior compared to P3HB. The use of additives like epoxidized linseed oil (ELO)
and acetyltributylcitrate (ATBC) influenced the thermal behavior by lowering the melting
and crystallization temperatures. ATBC proved to be a more effective plasticizer than
ELO and extends the processing window to lower processing temperatures. The complex
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viscosity analysis proved that the results of the thermal characterization are reflected in
the rheological properties. Overall, the lower melting temperatures allowed for gentler
processing, minimizing thermal chain degradation.

Both polymers were able to produce dimensionally stable three-dimensional nonwo-
ven shapes in a one-step meltblow process, which also showed thermal stability up to
130 °C. Plant seed pots made from P3HB that were produced as a demonstrator application
showed equivalent mechanical strength (and elongation) to commercial natural-fiber-based
pots, as well as a lower area base weight and wall thickness. Furthermore, another inter-
esting property of PHA nonwoven structures results in moderate air permeability and
hydrophobicity, leading to impermeability to water.

Processed P3HB compounds showed greater flexibility in throughput, with values
exceeding 0.1 g/min per nozzle. In contrast, unmodified PHBH was limited to lower
throughput rates at a high process temperature of 190 °C, despite its lower melting temper-
ature. This is attributed to a higher average polymer chain length and correspondingly a
higher melt viscosity compared to P3HB. Nevertheless, PHBH and the PHBH+ATBC com-
pounds led to a more stable meltblown process and more homogeneous fiber deposition
due to the larger temperature difference between the process and melting temperatures.

It was also shown that the shape of the three-dimensional fabrics made from PHBH
were completely compression-resilient, differing from P3HB and PHBV. However, the
addition of plasticizers did not lead to any improvements without introducing inhomo-
geneities into the fiber deposition. However, the compounding of P3HB and PHBH with
ATBC showed the potential to slightly reduce the processing temperatures of P3HB and
PHBH, while significantly increasing the elongation and flexibility of PHBH. In contrast,
the addition of ATBC resulted in a significant increase in fiber diameter for P3HB, which
was generally not observed for PHBH.

As found in previous works, all PHAs showed semi-crystalline WAXS signals, proving
that the meltblown process with high forces and strong chain orientation leads to highly
crystalline structures without the influence of process parameter variations. The nonwovens
made from pure PHBH showed the highest tenacity in both the machine direction (MD)
and the cross direction (CD), while PHBV showed significantly lower mechanical strength.
PHBYV also exhibited the lowest elongation. The Young’s modulus was low for PHBYV,
while it was superior for P3HB with ELO. Furthermore, the use of PHBH led to higher
tenacity at comparable fiber diameters and air permeability values. At the same time,
fabric flexibility improved significantly, and elongation at maximum force increased in
the MD. The PHBH compounds showed lower tenacity and air permeability but further
increased elongation, fulfilling the hypothesis of this study. The brittleness of the P3HB
nonwovens could not be significantly improved. Further investigations should now be
carried out with other biological plasticizers. Furthermore, the mechanical recovery of
the plant pots should be investigated over a longer period of stress. Due to the promising
mechanical properties of the PHBH nonwovens, the meltblow processing of PHBH should
now be further investigated. In the future, further applications for three-dimensional
nonwovens made from PHAs can be investigated due to their interesting combination of
air permeability and water retention properties, e.g., for use in the medical technology
sector as a three-dimensional wound dressing.
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Appendix A. REM Micrographs of Commercial (Reference) Plant Pots
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Figure Al. SEM images of the commercial (reference) plant seed pots: (a) coconut fiber-based (x100);
(b) coconut fiber-based (x500); (c) cellulose fiber-based (x100); (d) cellulose fiber-based (x500).
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Appendix B. DSC Thermogram of PHBH Meltblown Nonwoven Material

Exoup |

50.2°C

0 50 100 150 200
Temperature /°C Universal V4.5A TA Instruments

Figure A2. DSC thermogram of MB-PHBH; (red lines: base line extensions of the software for the
analysis of the metling peaks, black lines: Tangents on the measurement curve (green line) for the
determination of the glass transition temperature.
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Abstract: In this work, blend films were prepared by blending 2% chitosan (CS) and 0.5% konjac
glucomannan (KGM) solutions. Five ratios of the blend mixture were implemented (95:5, 80:20,
50:50, 20:80, and 5:95), and a pure CS film and a pure KGM film were also obtained. All the
polymeric films were evaluated using FTIR spectroscopy, mechanical testing, SEM and AFM imaging,
thermogravimetric analyses, swelling and degradation analyses, and contact angle measurements.
The CS/KGM blends were assessed for their miscibility. Additionally, the blend films” properties
were evaluated after six months of storage. The proposed blends had good miscibility in a full range
of composition proportions. The blend samples, compared to the pure CS film, indicated better
structural integrity. The surface structure of the blend films was rather uniform and smooth. The
sample CS/KGM 20:80 had the highest roughness value (Rq = 12.60 nm). The KGM addition increased
the thermal stability of films. The blend sample CS/KGM 5:95 exhibited the greatest swelling ability,
reaching a swelling degree of 946% in the first fifteen minutes of the analysis. Furthermore, the
addition of KGM to CS improved the wettability of the film samples. As a result of their good
mechanical properties, surface characteristics, and miscibility, the proposed CS/KGM blends are
promising materials for topical biomedical and cosmetic applications.

Keywords: chitosan; konjac glucomannan; blends; miscibility; biopolymer film

1. Introduction

The modern industry focuses on ensuring sustainable and holistic development, with
an emphasis on safe and environmentally friendly solutions. Biopolymers are a group
of biomaterials with significant potential in these areas due to their biodegradability, bio-
compatibility, and non-toxicity [1,2]. Various modifications of biopolymers are used in
the search for new, more efficient materials. A contemporary methodology in numerous
disciplines is the creation of composite polymeric materials. These materials are charac-
terized by better physicochemical, mechanical, and stability properties compared to their
constituent starting polymers [3].

Two principal techniques for obtaining blends are identified by the extant literature:
the first involves mixing in a molten state, while the second utilizes polymeric solutions
combined in a suitable solvent [3,4]. Nevertheless, the second method appears to be more
pertinent for biopolymers, as a means of preventing the degradation of these natural
components when subjected to elevated pressure and temperature during the process
of melt mixing [3]. Blend composites are frequently used in the form of film, hydrogel,
sponge, or fiber and can be applied as a wound dressing, scaffold, membrane, or even a
drug-encapsulating agent [5-8]. An essential quality of blends is their miscibility, which can
be evaluated through a few straightforward studies. These include the assessment of the
optical homogeneity of the mixture, the determination of the glass transition temperature,
and the analysis of molecular-level interactions [3].

The biopolymer that has gained the most popularity over the past two decades,
primarily due to its advantageous characteristics, is chitosan, a chitin derivative. The
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biomacromolecule is composed of 2-acetamido-2-deoxy-D-glucopyranose and 2-amino-2-
deoxy-D-glucopyranose units [9]. In addition to exhibiting biodegradability, non-toxicity,
and biocompatibility, the biopolymer displays adsorption properties and demonstrates
antioxidant and antimicrobial activity. These properties are primarily attributable to the
biopolymer’s polycationic nature [10,11]. Chitosan is soluble in water only in an acidic
environment, whereby the amino groups are protonated. This biomolecule can be derived
from a variety of sources of chitin, including fungi, marine organisms, certain algae, insects,
and microorganisms [12]. The preparation of chitin can be achieved through two principal
methods: chemical and biological [13]. In the pursuit of materials with optimal properties
for a given application, chitosan modifications are employed. The presence of functional
groups at C-2 (-NH;), C-3 (secondary -OH), and C-6 (primary -OH) renders chitosan
susceptible to chemical modifications [10]. Chitosan derivatives are produced through
chemical reactions, while another approach is polymer cross-linking. As previously stated,
additional methods of chitosan modification entail the formation of polymer blends [14].
Chitosan-based materials have a wide range of applications in medicine, pharmaceuticals,
food, packaging, cosmetics industries, and water purification. This demonstrates the
unique properties of chitosan and its high potential as a material.

Konjac glucomannan (KGM) is a neutral polysaccharide that is isolated from Amor-
phophallus konjac plant tubers. This biopolymer is composed of D-mannose and D-
glucose units with a molar ratio of 1.6:1. The units are linked by (3-(1,4) glycosidic
bonds [15,16]. Additionally, a minor proportion of 3-1,3-linkages are present at the man-
nose C-3 position—the konjac glucomannan chain contains a randomly distributed number
of acetyl groups, which represent 5 to 10% [17]. The high affinity of the KGM for water is
precisely the merit of the acetyl and hydroxyl groups’ presence [18]. KGM displays high
viscosity, a robust water-holding capacity, and excellent gel-forming properties in aqueous
solutions [19]. Furthermore, it functions as an effective emulsifier and demonstrates re-
markable film-forming capabilities [20]. This polysaccharide is a valuable macromolecular
raw material used in the food industry, as well as increasingly in the biomedical and
cosmetic fields. Nevertheless, the utilization of KGM-based materials in numerous fields is
frequently constrained by their inadequate mechanical properties, which can be attributed
to the high hydroxyl group content in the polymeric backbone [21].

There are reports in the literature on chitosan/glucomannan blends, which are mainly
used for drug-coating applications [22], wound dressing [18], peptide and protein delivery
vehicles [23], and membranes [24]. These reports are supplemented by a general survey
describing the proposed blend as a potential matrix biomaterial [25], as well as the influence
of gamma irradiation on such blend materials as a part of the sterilization process [26].

In this study, we were focused on obtaining a new material based on biopolymers.
This paper aimed to evaluate the properties of chitosan/konjac glucomannan blend films.
For this purpose, infrared spectroscopy, a mechanical parameters evaluation, and a thermo-
gravimetric analysis were carried out. Additionally, the surface properties and morphology
of the materials were evaluated through contact angle measurements, scanning electron
microscopy, and atomic force microscopy. The films were prepared from different blend
proportions. The characteristics of the blends were compared to the pure chitosan and
the pure glucomannan films. The same characterization tools were used for the films’
properties evaluation after a six-month period of storage.

2. Materials and Methods
2.1. Materials

Low-molecular-weight chitosan (CS) and konjac glucomannan (KGM) (Mycs =7.31 x 10°
g/mol; Mykgm = 7.71 x 10° g/mol) were purchased from the POL-AURA company (Dywity,
Poland). Acetic acid was acquired from POCH (Gliwice, Poland). Phosphate Buffer Saline
(PBS), in the form of tablets, was acquired from Life Technologies Limited (Renfrew, UK).
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2.2. Chitosan/Konjac Glucomannan Films Preparation

All of the films prepared during this research were prepared by the solvent casting
method. Solutions of 2% (w/v) chitosan (CS) and 0.5% (w/v) konjac glucomannan (KGM)
were prepared by dissolving the polymers in 0.1 M acetic acid. To prepare the control
samples, 25 g of CS pure solution and 25 g of KGM pure solution were poured out separately
on polystyrene plates (10 cm x 10 cm). Subsequently, the samples were placed in an
incubator, which was set at 37 °C, and allowed to dry. To prepare the blend samples, the
CS and the KGM solutions were mixed in weight ratios of 95:5, 80:20, 50:50, 20:80, and 5:95.
The blended solutions were stirred for 24 h and then poured onto polystyrene plates. They
were dried in the same manner as the control samples. The drying process took 3 to 5 days,
depending on the sample. The pictures of prepared solutions and films are presented in
Figure 1 and Table 1, respectively.

The films, which were examined after 6 months, were stored during this time period
without access to light, at room temperature, at a humidity of approximately 50%.
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2.3. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of all the prepared films were assessed using a Nicolet iS10 spec-
trophotometer equipped with a diamond attenuated total reflectance (ATR) unit (Thermo
Fisher Scientific, Waltham, MA, USA). The samples were scanned in the wavenumber
range of 4000—400 cm~! with a 4 cm™~! resolution using 64 scans, in accordance with the
methodology employed in previous research [27]. The measurements were repeated on the
same samples after a period of 6 months. OMNIC (version 9.2.86) and Excel (version 2409)
software were used to analyze and process data.

2.4. Mechanical Testing

The mechanical parameters were assessed under room conditions, using a mechanical
testing machine (Z.05, Zwick and Roell, Ulm, Germany). The specimens were cut in the
same way, maintaining a similar shape, with a constriction of approximately 4 mm [28]. The
measurement parameters were as follows: the speed starting position was 50 mm/min, the
speed of the initial force was 5 mm/min, and the initial force was 0.1 MPa. The evaluation
included the assessment of the Young’s modulus, tensile strength, and elongation at the
breaking point. The data were collected using the TestXpert II 2017 program and were
subsequently presented as average values with standard deviations. A Q-Dixon test was
performed to identify and reject outliers. A one-way ANOVA test was applied to determine
statistically significant differences between samples; the reference samples were the initial
polymers films. The mechanical properties of the 6-month-old samples were also evaluated
and compared to the freshly obtained samples.

2.5. Scanning Electron Microscopy (SEM)

The morphology of the obtained films was studied using a scanning electron micro-
scope, manufactured by LEO Electron Microscopy Ltd. (Model 1430 VP, Cambridge, UK,).
The samples were covered with gold to provide a conductive surface for the electron beam
interaction [29]. The magnification of all of the SEM images presented below is 10,000 x.

2.6. Atomic Force Microscopy (AFM)

The surface of the polymer samples was analyzed using an atomic force microscope.
The images were obtained by a MultiMode Scanning probe microscope, the NanoScope Illa
(Digital Instruments Veeco Metrology Group, Santa Barbara, CA, USA). The apparatus was
operating in a tapping mode, at room temperature, in an air atmosphere [29]. The roughness
parameters were calculated from 5.0 pm-by-5.0 pm scanned areas using Gwyddion software
(version 2.62).

2.7. Thermogravimetric Analysis

The thermogravimetric assessment was conducted using an SDT 2960 Simultaneous
TGA-DTA analyzer from TA Instruments (TA Instruments Manufactures, Eschborn, Ger-
many). The analysis was carried out over a temperature range from 25 °C to 600 °C, at a
heating rate of 20 °C/min, in a nitrogen atmosphere [29].

2.8. Swelling and Degradation Properties

The CS/KGM films were cut into squares of similar weights. The samples were dried
for 24 h at 45 °C. Each type of sample (five squares in one series) was placed in a container
with 50 mL Phosphate Buffer Saline (PBS) at 37 °C [29]. The measurements of the samples’
weights were conducted after 15 min, 1 h, 2 h, 4 h, 8 h, 24 h, 48 h, 72 h, 1 week, and
2 weeks. Following an appropriate interval, the samples were taken out from the PBS
solution, and, subsequently, the excess fluid was removed using paper. Thereafter, the
samples were weighed. The measurements were taken fresh from the collection. They were
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repeated on samples that were 6 months old. The swelling degrees were calculated using
the following equation:

Swelling = (m¢ — mg)/mg x 100% [%] (1)

my—the weight of the material after immersion in PBS [g];
my—the initial weight of the material [g].

2.9. Contact Angle and Surface Free Energy

The contact angle measurements of the obtained films were used to calculate the
surface free energy (ys) and its polar (ysp) and dispersive (ysq) components, by the
Owens-Wendt method [29]. The contact angle values of two liquids (glycerine (G) and
diiodomethane (D)) were measured via a goniometer that was equipped with a system
for drop shape analyses (DSA 10 produced by Kriiss, Hamburg, Germany). The result of
the contact angle for each sample is an average value with a standard deviation (SD). The
Q-Dixon test was implemented to identify and reject outliers. All the measurements were
carried out at a constant temperature value.

3. Results
3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical structure of initial polysaccharides was confirmed with the FTIR analysis.
The initial infrared spectra of the pure chitosan and the pure konjac glucomannan films are
characteristic of them and show several main bands.

In the konjac glucomannan IR spectra, a characteristic broad peak was observed in
the region of 3000-3700 cm ™!, with the band of highest intensity at 3316 cm~!, which
is related to the O-H stretching vibration [30]. A broader and less-sharp peak occurs
in the same wavelength range in the CS spectra, with the highest peak at 3204 cm~!,
which also corresponds with O-H and additionally N-H stretching vibrations [31]. These
bands may also be connected to the presence of water in the tested samples [32]. The
bands at 2872 cm ™! and 2881 cm ™! in the CS and KGM samples, respectively, confirm
the occurrence of C-H bonds that come from -CHjz and -CHj groups being present in the
carbohydrates [30].

In the KGM IR spectra, the stretching vibration coming from the C=0O of the acetyl
groups appears at a wavelength of 1738 cm ™! [33].

The peak at 1541 cm ™! that occurs only in the CS spectra is attributed to N-H bending
vibrations [34]. The bands at around 1651 cm ™! and 1316 cm ™! confirm the presence of
N-acetyl groups, represented by the C=0 stretching of amide I and the C-N stretching of
amide III, respectively [35]. The spectral region of 1200-900 cm ! is associated with the
stretching vibrations of C-O-C, C-C and C-O in the polymers’ skeletons [36]. The bands in
the range from 1150 cm ™! to 896 cm ™! indicate the presence of glycosidic bonds in both
of the polymers’ samples [37-39]. The peaks at 873 and 805 cm~! are connected to the
characteristic absorption bands of mannose [38,40].

FTIR spectroscopy is a very useful tool to evaluate the interactions at the molecular
level between chemical groups. Intermolecular interactions may indicate the compatibility
of different polymer blends. The bands’ shifts in the infrared spectrum can indicate good
miscibility [40].

The blend films indicate shifts in the 3000-3700 cm ! region that differ from the initial
polymers. The wavelength values are increased in comparison with chitosan and decreased
in comparison with glucomannan, ranging in between them. Similar observations apply to
the C-H absorption band area: there are small shifts in the CS/KGM blend samples. The
characteristic band for KGM, at about 1738 cm~!, disappears in the spectra of the blends
with a higher content of chitosan; the last blend film with this band is CS/KGM 20:80.
Even a small amount of chitosan in the blend sample causes the appearance of the band at
about 1540 cm !, which does not occur in konjac glucomannan. Small changes, including
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shifts to the lower or higher wavenumbers in the blend films’ spectra, are also observed in
the 1300-1000 cm ! region. The changes in the FTIR spectra also include the intensity of
the bands. The highest intensity is observed in the pure chitosan and the CS/KGM 80:20
samples, and the lowest is observed in the CS/KGM 5:95 film. In light of the FTIR results,
which encompass alterations in band intensity and shifts in regions, it can be posited that
novel intermolecular hydrogen bonds were established. The principal functional groups
engaged in this process were the hydroxyl, amine, and acetyl groups. The FTIR analysis
results demonstrate that chitosan and konjac glucomannan exhibit good miscibility. The
FTIR spectra for the chitosan, konjac glucomannan, and the blend films are presented in
Figure 2.
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Figure 2. Infrared spectra of chitosan (CS), konjac glucomannan (KGM), and blended films presented
in stack.

FTIR After 6 Months of Storage

The properties of the obtained blend films were also examined over time. Significant
changes were observed for the pure CS film after the 6-month storage period (Figure 3). The
broad band in the 3000-3700 cm ! range shifted to higher wavenumbers in comparison
to the initial sample (CS). This may indicate the reorganization of the hydrogen bonds in
the material. Further changes include a significant reduction in the intensity of the bands
at 1541 cm~! and 1404 cm ™!, as well as shifts to the higher values of wavenumber. All
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these changes may be caused by the water loss and chitosan chain reorganization. The pure
KGM sample did not demonstrate any modifications in the appearance and localization of
its bands, and only a slight increase of intensity was observed after 6 months of storage.
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Figure 3. Infrared spectra of chitosan (CS), konjac glucomannan (KGM), and blended films after six
months of storage, presented in stack.

The main changes that affected the blend samples included the decrease of individual
bands’ intensity and shifts in the same region as CS. In the two samples with the high-
est KGM concentrations (80:20 and 5:95), additionally, an increase of intensity at about
1000 cm~! was observed. In sample 5:95, the band at about 1556 cm ™! disappeared in
comparison to the freshly obtained sample.

3.2. Mechanical Testing

The proportions of the blend mixtures affected the mechanical properties of the thin
films significantly. The tensile test results are shown in Figure 4. The Young’s modulus
value was the lowest for the pure CS samples. As the KGM content of the blends increased,
higher values of this parameter were observed. This indicates the rather low deformability
of the KGM films in comparison to CS.
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Figure 4. The results of mechanical parameters obtained during tensile tests for pure polymeric and
blend films. Data are presented as a mean value with standard deviation. Statistically significant
differences are indicated as follows: * p < 0.05; # p < 0.0001; ns—not significant.

The blend films exhibited variable values of tensile strength, the highest one belonging
to CS/KGM 20:80 and the lowest to CS. The highest breaking force values were observed
for the CS/KGM 95:5 samples, and the opposite observation was for CS/KGM 5:95. The
decreasing trend of the parameter’s value with a higher percentage of KGM can be seen.

A similar tendency was observed for the elongation at the breaking point, with the
highest value being recorded for CS and lower results being observed as the percentage of
this polymer in the blends decreased.

The increased results of the Young’s modulus and the lower values of elongation at the
breaking point of the blends’ films may indicate new hydrogen bond formation between
the biopolymers, which may have modified their mechanical properties and increased the
structural integrity of the samples.

Mechanical Testing After 6 Months of Storage

The six-month storage period influenced the mechanical properties of the samples
(Figure 5). The most significant changes were observed for the pure chitosan film, for which
the value of the Young’s modulus, tensile strength, and breaking force increased, while
elongation at the breaking point decreased compared to the freshly tested sample. These
observations indicate a reduction in the elasticity of the film. The passage of time had less
impact on the properties of KGM, although the tensile strength decreased significantly. The
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blend samples also were affected by small changes in their mechanical properties. All those
changes reflect the chemical modifications that occurred during storage.
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Figure 5. The results of mechanical parameters obtained during tensile tests for 6-month-old pure
polymeric and blend films. Data are presented as mean value with standard deviation. Statistically
significant differences are indicated as follows: * p < 0.05; # p < 0.0001; ns—not significant.

3.3. Scanning Electron Microscopy (SEM)

SEM images of CS, KGM, and their blends are presented in Figure 6. The SEM analysis
provided information on the surface structure of the films, which were rather uniform
and smooth. The chitosan film showed the most surface uniformity. The greater the
proportion of KGM in the blending ratio, the less smooth the surface was. The KGM film
was characterized by a more granular structure.
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Figure 6. Surface structure analysis — comparison of SEM and AFM images of chitosan (CS), konjac
glucomannan (KGM), and blended films.

3.4. Atomic Force Microscopy (AFM)

Figure 6 presents the atomic force microscopy (AFM) images of CS, KGM, and their
blend films. The topography of the CS sample presents quite a uniform structure: the
small, evenly distributed hills can be observed. The microstructure of the KGM sample is
more diversified and includes changes in the level of larger areas. It corresponds with the

SEM images.
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The results of the tested samples’ roughness are summarized in Table 2. CS is charac-
terized by the lowest value of roughness; the addition of KGM caused an increase in this
parameter. A much higher roughness is visible in the blend proportions CS/KGM 95:5
and 80:20. The blend film with an equal amount of the two polymer solutions exhibited a
similar roughness value to the initial CS sample in this parameter. The samples CS/KGM
20:80 and 5:95 had values of roughness between those of the initial polymers, but closer to
the KGM. The roughness parameter helps to describe the materials” adhesion properties.
The adhesion between two materials is strongly influenced by their surfaces and contact
topography. In terms of topical applications, adhesion to the skin is an extremely important
parameter, which depends on the mentioned roughness, as well as the other material
properties and thickness [41].

Table 2. The roughness values of chitosan (CS), konjac glucomannan (KGM), and blended films.

Sample Rq [nm] R, [nm]

CS 5.64 +£1.25 4.50 £ 0.97
CS/KGM 95:5 9.60 £ 2.85 6.35 + 1.04
CS/KGM 80:20 12.60 £+ 1.14 9.88 £0.77
CS/KGM 50:50 595+ 2.48 4.69 £1.92
CS/KGM 20:80 6.57 £ 0.84 496 £ 0.46
CS/KGM 5:95 6.17 £0.75 4.86 £ 0.50
KGM 6.87 £0.94 5.68 £ 0.98

3.5. Thermogravimetric Analysis

The thermal stability and degradation of the prepared blend films can be evaluated
by the analysis of the thermal gravimetry (TG) and the differential thermal gravimetry
(DTG) curves, which are shown in Figure 7. During the thermal decomposition of each
film, two distinct stages were observed. The initial stage of the process entails the release
of water molecules and residual solvents; in this instance, acetic acid. The initial stage
takes place in a temperature range from 35 °C up to approximately 150-170 °C in all the
samples. The smallest weight loss in the first stage was observed for the KGM sample
(8.5%), and the highest was observed for the CS/KGM 20:80 film (12.0%); for the rest of
the films, the results were close to each other, in the range of 9.5-10.6%. The secondary
stage, which was identified as the most significant thermal degradation of polymers at
high temperatures, exhibited a more pronounced differentiation. The initial polymers
have different decomposition stabilities: KGM is more thermally stable than CS. The Tax
value for the pure KGM was 326 °C, and additionally, the exothermic peak was highest
for this biopolymer, which was connected to the highest weight loss in this step (64.7%).
The pure CS Tmax value was 297 °C. Only the sample CS/KGM 5:95 had a Tmax value
higher (305 °C) than that of CS. The rest of the samples had Tmax values closer to the CS
film (Table 3). Some changes, which appeared in the DTG curves of the blend films, may
suggest that a hydrogen bonding interaction was established between the chitosan and
the konjac glucomannan. Importantly, in the degradation phase, only one peak can be
observed in all of the curves, which may indicate good miscibility.

Table 3. Summary of temperature maximum values for decomposition stages for all tested samples.

Sample Tmaxl [°C] Tmax2 [°C]
CS 62.87 296.72
CS/KGM 95:5 74.31 296.01
CS/KGM 80:20 65.02 293.86
CS/KGM 50:50 67.16 288.86
CS/KGM 20:80 75.74 285.99
CS/KGM 5:95 65.73 305.30
KGM 50.00 326.04

Tmax—Trepresents the maximum temperature value for a given stage.
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Figure 7. DTG and TG curves of chitosan (CS), konjac glucomannan (KGM), and the blended samples.

3.6. Swelling and Degradation Properties

The samples lost their weight (6.04-9.12%) in a drying process before the swelling
measurements, which is connected with water and solvent residue evaporation. The results
of the swelling and degradation analysis are collected in Table 4. Each result is presented as
an average value with a standard deviation. All of the polymeric samples, besides the pure
KGM, could swell and revealed a weight increase after being placed in the PBS solution.
The KGM films were dissolved in the first 15 min of measurement. Even a small addition of
CS to the KGM film (CS/KGM 5:95) caused a stability increase. The pure CS sample reached
a maximum degree of swelling in one hour, after which, the values decreased, which may
indicate the onset of the degradation process. Similar observations were noted for all of
the samples; their weight reached a maximum at the very beginning of the measurements
and then steadily decreased until the end of the experiment. KGM has a higher ability to
swell than chitosan; the sample with the highest swelling degree was CS/KGM 5:95. The
sample containing equal proportions of the two polymer solutions exhibited the lowest
ability to swell.
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Table 4. The results of the swelling and degradation analysis for the chitosan (CS), konjac gluco-
mannan (KGM), and blended films, obtained over two weeks (presented as a mean value of weight
change [%] with a standard deviation).

Specimen 0.25h 1h 2h 4h 8h 24h 48h 72h 168 h 336 h
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

Cs 270 +23 279 + 36 235+ 16 207+11  189+10 184450  166+90 14850  137+40  128+70
CS/KGM 95:5 236+8  241+100  198+15 173+£10 159412 141411  134£90 124£70  119£20  107£20
CS/KGM 80:20 296 + 44 269 = 33 230 £ 17 218+10  189+16 177480 152413  149+9.0  141+30  124+80
CS/KGM 50:50 162 £ 21 159 £ 27 14924  144+80 14410  138+90  125+15  123+50  120+10 1212
CS/KGM20:80  310+184  265+117 256112 23897 24291  255+107 247+108 242+109 233+114 229 £101
CS/KGM 5:95 946 +178 938+ 95 886 + 45 841+54  825+52  765+41  761+£35  670+£51 63660 58724

KGM - - - - - - - - - -
Swelling and Degradation Properties After 6 Months of Storage

All of the samples that were measured after a 6-month period of storage were charac-
terized by much lower swelling degrees (Table 5). These samples reached the maximum
weight at a later time, and the degradation time was delayed in comparison to the films that
were examined immediately after being obtained. The weight was also more stable over
time. This suggests a cross-linking process during the storage period, which influences the
durability and swelling ability of the materials.

Table 5. The results of the swelling and degradation analysis for the chitosan (CS), konjac glucoman-
nan (KGM), and blended films (after six months of storage), obtained over two weeks (presented as a
mean value of weight change [%] with a standard deviation).
Specimen 0.25h 1h 2h 4h 8h 24h 48h 72h 168 h 336 h
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

cs 54+12 76+ 20 78 + 36 78+ 17 69+ 13 69+ 15 72426 61+ 15 61+19 62+25
CS/KGM 95:5 87+ 16 87 £3.0 87 £40 83£3.0 82+£30  77+£40  81£10  73£40 6720  70%50
CS/KGM 80:20 8540 87 £5.0 87 £1.0 82+3.0 84+£50  84+50  78+£40  76+40 7710  73+30
CS/KGM 50:50 99 + 3.0 89 + 4.0 99 + 10 105480  102+£70 83420  88+50  96+70  86+50  90+40
CS/KGM 20:80 187 £ 74 168 % 30 149 £ 14 135+12  137+£16  130+£30 125+£50 126+£80 116+£60 126+80
CS/KGM 5:95 373 £ 22 413+ 45 431421 430+22 41326 398+18  410+18  387+£23  379x19 367 +17

KGM - - - - - - - - - -
3.7. Contact Angle and Surface Free Energy

The wettability of the CS/KGM blend films was investigated by the measurement of
the materials’ contact angle using the sitting drop method. This is a very significant feature,
which helps to characterize the surface of the material. It is contingent upon the physical
and chemical homogeneity of the surface, in addition to the presence of surface roughness
or fouling [42].

The initial films that we investigated, which were based on pure chitosan and pure
konjac glucomannan, had different hydrophilic affinities (Table 6). The proportion of these
two polymers in the blend films significantly affected the values of the contact angle. The
CS sample was more hydrophobic, and the addition of 5% of KGM caused the increase
of contact angle for glycerine. Further increasing the proportion of KGM in the sample
resulted in a decrease in the wetting angle and an increase in the hydrophilic properties.
Table 6. The values of the contact angle and surface free energy for chitosan (CS), konjac glucomannan
(KGM), and blended films.

Specimen o6 oP vs [mJ/m?] vs4 [mJ/m?] vsP [m]J/m?2]

CS 90.08 & 2.93 47.33 £ 9.46 35.50 £ 5.13 3523 £5.41 0.40 £0.1
CS/KGM 95:5 97.82 £+ 3.00 64.52 £2.48 2597 £1.14 25.62 +£0.89 0.35£0.25
CS/KGM 80:20 89.33 £ 2.87 52.07 + 6.40 32.73 £3.59 31.94 £+ 3.56 0.79 £ 0.04
CS/KGM 50:50 81.83 & 3.53 29.54 +7.94 43.88 +2.99 43.12 +2.73 0.77 £0.26
CS/KGM 20:80 75.19 £ 6.94 39.57 £ 8.63 39.30 £+ 4.54 35.86 + 3.14 343 £1.40
CS/KGM 5:95 76.11 £2.57 4394 + 3.34 37.32 £1.94 33.76 £ 1.51 3.55£045

KGM 56.27 = 3.74 35.24 +1.30 45.35 + 1.69 35.58 +0.20 11.77 £1.89
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The higher the KGM proportion in the blend, the higher the share of the polar compo-
nent of the surface free energy was. The highest value of this parameter was observed for
the pure KGM film, which suggests that hydrogen bonds, dipole-dipole interactions, and
induction forces play a significant role on the film surface [43]. Lowering the proportion
of KGM in the blends resulted in a reduced occurrence of these interactions. Wettability
is a crucial factor regarding many uses, including dermal applications. The enhanced
hydrophilicity of the material is not conducive to optimal dermal applications, given the
inherent hydrophobic character of the skin, which is largely attributable to the composition
of the stratum corneum [44]. However, in the case of an injury to the skin or an open
wound, the appropriate hydrophilicity facilitates a more rapid healing process. Further-
more, increased hydrophilicity is linked to an enhanced capacity to absorb wound exudate
and facilitate adequate moisture within the wound environment [45].

4. Discussion

Carbohydrates are the most prevalent biomolecules in the natural environment and
were demonstrated to confer a multitude of benefits to human health [46]. Polysaccharide-
based materials are of significant value in a multitude of applications pertaining to medicine,
food, and cosmetics, largely due to their biodegradability, biocompatibility, and liquid
absorption properties [14,47]. In addition to their applications in the aforementioned fields,
these macromolecules are also employed in the packaging industry and water purifica-
tion [48-51]. These biopolymers are also environmentally friendly as they come from
sustainable and renewable sources [22,52]. Chitosan and konjac glucomannan are polysac-
charides that are no exception in this aspect. Chitosan- and glucomannan-based films
possess specific mechanical strength and physicochemical properties that are modifiable.
The blends of chitosan and glucomannan used in this study allowed the preparation of
biopolymer films with different properties compared to the starting polymers.

Changes in the chemical structure of the blend films observed in this research align
with observations made by other researchers. Li et al. observed that the broad absorption
band at approximately 3440 cm~! exhibited a shift contingent on the konjac glucomannan
content of the blend. Moreover, the IR spectrum demonstrates that the band at approxi-
mately 1723 cm ™!, which is originally present in konjac glucomannan, disappeared, and
there was a shift at the wavenumber 1638 cm~!. The aforementioned alterations indicate
augmented intermolecular hydrogen bond formation between the biopolymers [53]. Simi-
lar observations were made by Neto et al. [18]. The formation of hydrogen bonds between
the -OH and -NH, groups from chitosan and the -OH and -COCHj3 groups in glucomannan,
as evidenced by changes in the absorption bands, is the underlying cause of the miscibility
observed between the two polymers [22].

The material’s mechanical properties are crucial for its application. For instance,
products that are applied to the skin should exhibit the requisite tensile strength val-
ues (2.5 to 35 MPa) and degrees of elongation at their breaking point (70-78%), which
correspond to the tensile properties of healthy human skin, which can withstand some
deformations [18]. In the research conducted by Li et al., the highest value for tensile
strength was observed for the sample containing 20% chitosan; a pure KGM film had a
significantly higher value for this parameter than a CS film [53]. Ye et al. observed the
same tendency during CS/KGM films’ mechanical examination [25]. The observations
from the two studies are similar to those obtained here. A CS/KGM blend film was also
examined by Shang et al.; they observed that the tensile strength of a film made using 50:50
proportions of the polymers was very low [54], which remains contrary to our observations.
However, the reagents used in their study had different chemical characteristics compared
to our polymers. These differences include their molecular weights and the deacetylation
degree of chitosan, which may have affected the final properties of material. Fan et al.
obtained the fibers in the spinning process that was based on CS/KGM blends in different
proportions. The mechanical tests demonstrated that the incorporation of KGM into CS
enhances the tensile strength of the fibers. Furthermore, the mechanical properties of the
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blend can be optimized by controlling the blend conditions [55]. Chen et al. examined the
mechanical properties of the chitosan/konjac glucomannan bilayer, and their observations
of the degree of elongation at the breaking point show a similar trend to our research. The
pure CS film had the highest value of this parameter. The higher the KGM content in the
composite, the lower the percentage of elongation at the breaking point was [56]. Pure
KGM film materials tend to have poor mechanical properties, and the degree of elongation
at the breaking point is one of the indicators of this condition.

The surface morphology of the CS/KGM blends’ films was examined by SEM and
AFM techniques. Our observations corroborate the findings reported by Xiao et al., whereby
the incorporation of KGM into CS resulted in a reduction in the samples” homogeneity,
which may suggest a decline in miscibility. However, the samples with a low content
of KGM were characterized by smooth and homogenous surfaces [22]. Similar insights
were presented by Zou et al. in their research on composite films made of corn starch and
konjac glucomannan. The addition of KGM resulted in a more uneven and granular surface
structure [33]. Nair et al. also observed small particles on the film surface and suggested
that these constituted less soluble fractions of KGM [57].

The thermal stability of the tested blends and the initial biopolymers was evaluated
by a thermogravimetric analysis. We demonstrated that the thermal stability of the films is
directly proportional to the KGM content of the blend. Neto et al. obtained similar results.
All of the blend films that they tested showed the values of the maximum weight loss
temperature as being between those of the initial polymers [18]. The same findings were
also presented by Xiao et al. and Xu et al. [22,40]. All of these changes suggest that new
hydrogen interactions were established between CS and KGM. What is more, the DTG
curves from both this research and the mentioned studies confirmed the good miscibility
of CS and KGM over all of the composition ranges.

The swelling properties of materials that are designed for skin applications, such as
wound adhesive, are extremely important. Two aspects must be considered: providing ideal
moisture conditions and absorbing the exudate from the wound, depending on the wound
type [58]. The modification of chitosan film by blending with konjac glucomannan increases
the swelling ability of the material, especially when evaluated after a long storage period.
The results of a water swelling properties analysis of CS/KGM films performed by Xiao et al.
showed higher levels of swelling for all the blended samples than for pure chitosan [22].
What is more, a pure KGM sample was dissolved immediately after immersion in liquid, as
took place in our study. Fan et al. evaluated the water-retention properties of a CS/KGM
blend fiber; the lowest value was observed for pure CS [55]. In a study conducted by
Hua et al., blend films composed of chitosan and konjac glucomannan carboxymethylated
form were examined. A content of more than 30% of KGM derivative in a film resulted in a
notable enhancement of its swelling ability [59]. Konjac glucomannan has a great water
absorption capacity, which can be as much as up to 100 g of water per 1 g of konjac [60].
The high swelling degree of the films with high KGM contents that are presented in our
study remains consistent with the existing theory. Sample 5:95 achieved 946%, the highest
result of all the samples tested. Wu et al. presented a study of a superabsorbent polymer
based on KGM. Their product reached almost the maximum swelling value in the first
hour of analysis, which is in line with our research [61]. The hydrophilic character of this
polysaccharide is the consequence of the hydroxyl group’s occurrence in the backbone,
which promotes water uptake by the biomaterial. More recently, Chen et al. prepared
bilayers of chitosan and konjac glucomannan in different weight ratios. The sample with
an equal ratio of CS and KGM exhibited the lowest swelling properties [56]. Although the
system tested was a composite, the observations on it were similar to our blend sample
of CS/KGM 50:50. One explanation for this phenomenon may be the high proportion of
hydrogen bonds formed between the two polymers, which limits hydrophilic interactions
with water molecules [56]. The results of the swelling analysis permitted the assessment of
the onset of degradation processes, which commenced, for all of the samples, approximately
one hour after the start of the analysis. In a study conducted by Tkongachai et al., a film

97



Polymers 2024, 16, 3072

composed of chitosan and collagen was examined. The greatest degradation level was
observed at the beginning of the analysis. Following the third day, the percentage of
degradation was observed to be lower and was maintained at a comparable point [62].
Over the course of our study, the degradation process started within the first hours of the
test period. Furthermore, after the third day, the reduction in the samples” weight was less
pronounced and exhibited greater stability over time.

The contact angle measurements confirmed the hydrophilic character of all of the
tested films. The lowest values of the contact angle were observed for pure KGM. The
higher the KGM content in the blend samples, the more hydrophilic the character of the
film was. Similar insights were observed by Strnad et al.; they examined keratin films
enriched with konjac glucomannan. Although the keratin film had hydrophobic properties,
the addition of KGM caused the change of this state toward hydrophilic characteristics [63].
Qin et al. performed an investigation on the drying temperature’s influence on konjac
glucomannan/agar blend films. The measurements of the contact angle for pure KGM
were the lowest, which remains consistent with the previous observations. Controlling the
drying temperature enabled the modification of the water-spreading properties [64].

The results obtained from the materials tested after a specified period of storage
demonstrate that the time since the material was obtained has a discernible impact on its
properties. These changes include a reduction in their mechanical properties, as evidenced
by a loss of flexibility in the samples. The swelling results also indicate a reduction in
fluid absorption, which has implications for the functional characteristics of such materials.
Depending on the application, these changes can be both positive and negative. In the case
of materials such as wound dressings, where the fit to the skin and the ability to absorb
fluids is important, the biopolymer materials from this research would not perform as well
after prolonged storage.

Biopolymers constitute a diverse class of macromolecules with potential applications
in the cosmetic industry. The group includes polysaccharides, which are of particular inter-
est to the cosmetic industry, primarily due to their safety profile. The application of these
compounds does not carry the risk of zoonotic diseases, which is a concern in the case of
collagen [65]. Polysaccharides were shown to have a range of beneficial effects on the skin,
including moisturizing, antioxidant, and anti-ageing properties [66]. In addition to their
safety and efficacy, the naturality and eco-friendliness of these compounds are becoming
increasingly important considerations for consumers, producers, and researchers [67,68].
Chitosan, due to its polycationic nature, is capable of interacting with the skin and damaged
hair [69]. Additionally, konjac glucomannan has been shown to possess a regenerative
potential for the skin [15]. Both biopolymers possess film-forming properties. This char-
acteristic is highly beneficial in the development of cosmetic products. Polymeric films
can be simply and effectively applied to the skin, for example as a beauty mask or an eye
patch. [15,68,70-72].

The same properties that are advantageous in cosmetic applications are of paramount
importance in the development of solutions for medical and tissue engineering purposes,
for instance, in wound dressings [19,73-78]. Wound adhesives are the first line in wound
management; however, traditional medical materials, such as bandages or gauze, have
some disadvantages, like poor springiness. Materials based on biopolymers overcome these
limitations [79]. Biopolymers, including those used in this study, have a caring or regenera-
tive effect themselves in the aforementioned areas. However, they are frequently employed
as a matrix for the incorporation of active substances or drugs. Zeng et al. developed a
hydrogel intended for wound healing, consisting of konjac glucomannan and xanthan gum,
containing polydopamine nanoparticles. The results of the in vivo study demonstrated the
efficacy of the hydrogel formulations in wound treatment, both with and without nanopar-
ticles [79]. Another example is a study conducted by Jiang et al., in which a chitosan/konjac
glucomannan matrix incorporated silver nanoparticles [80]. The studies using chitosan and
konjac glucomannan as matrices for active compounds for wound healing are much more
prevalent, including investigations of the addition of berberine [81], exosome nanoparti-
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cles [82], paeoniflorin and zinc nanoparticles [83], gentamicin [84], stevioside-stabilized
honokiol [85], or graphene oxide [86]. In the context of the biomedical and cosmetic ap-
plications of biopolymers, the role of hydrogels is a fundamental aspect that cannot be
overlooked. The -NH; and -OH groups present in chitosan and glucomannan, respectively,
allow for modifications to be made, including the formation of spatial networks and the
creation of hydrogels [87]. Hydrogels possess the remarkable ability to swell and can also
act as a reservoir for an active substance, which is the reason for their extensive utilization
in drug delivery systems [88] and wound dressings [21]. The blending of two polymers
represents the most straightforward physical method of modifying a polymer matrix in
this manner [87]. Konjac glucomannan displays a particular potential for use as a hydrogel,
given its high swelling capacity. However, its standalone application is constrained by
its poor mechanical properties in solutions [21]. The combination with another polymer,
in this case chitosan, markedly enhances this parameter. This offers the possibility of
further investigation into the potential of the chitosan/konjac glucomannan combination,
for example through the utilization of alternative, more complex cross-linking techniques.

The materials presented in this study are in line with modern requirements for cos-
metics, wound dressing, or food packaging. Nevertheless, this is merely a preliminary
investigation that requires further expansion in the future. However, it represents an
excellent point of departure. Although there are already some studies on chitosan and
konjac glucomannan in the areas outlined, their blends in the proportions proposed here
have not yet been investigated.

5. Conclusions

We successfully obtained blend films based on two biodegradable and biocompatible
polysaccharides—chitosan and konjac glucomannan. The implemented method of film
production was simple and low-cost. The test methods used in this study made it possible
to assess the miscibility of the biopolymers, which was good in all of the composition
ranges. The infrared spectra analysis confirmed the chemical structure of pure polymers
and enabled the evaluation of any changes found in blend films. It can be posited that the
formation of hydrogen bonds was facilitated by the involvement of the -OH, -COO-, -NH,
and COCH3 groups. The mechanical properties of the blend samples were modified in
comparison to the initial polymers’ films. Generally, the addition of KGM to CS increased
the structural integrity of the samples. The highest tensile strength value was exhibited
by the CS/KGM 20:80 sample. SEM and AFM images showed that the higher the KGM
content in the blend composition, the less the homogeneity of the film’s surface. The
highest roughness was shown by the CS/KGM 80:20 sample. The KGM content in the
biopolymeric films increased their thermal stability. The swelling ability of the tested
samples was significantly increased by higher KGM concentrations within the blends. The
contact angle result revealed the high impact of the KGM content on the hydrophilicity
of the samples. In this research, we also evaluated the effects of the passage of time on
some of the films’ parameters. Such an assessment is extremely important from the point of
view of product storage. The infrared spectra showed changes in band intensity and some
shifts compared to the previously examined samples. These changes could be connected to
water loss, as well as the cross-linking processes. The results of the mechanical parameters
assessment and the result of the swelling degree analysis reflect the changes that occurred
in the chemical composition of the films.

We can conclude that films based on a combination of chitosan and konjac gluco-
mannan are promising for use as matrices for many applications. The shape of the film
predisposes the material to surface and packaging applications. Some aspects of the first-
mentioned usage have been taken into account when investigating the properties of the
obtained materials. In particular, the swelling and AFM results suggest that the addition of
KGM to the samples improves their application properties. Some of the blending ratios
proposed in this study and the testing of the properties of the samples after a certain
storage period are new approaches. This study contributes to the current research on
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biomaterials for surface applications, specifically on materials based on the chitosan/konjac
glucomannan combination. These biopolymer blend materials can be further modified; this
is a prelude to further work in this area.
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Abstract: Phasins are proteins located on the surface of poly-3-hydroxybutyrate (P3HB) granules
that affect the metabolism of the polymer, the size and number of the granules, and some also have
stress-protecting and growth-promoting effects. This study evaluated the effect of inactivating two
new phasins (PhbP2 or PhbP3) on the cellular growth, production, and molecular mass of P3HB
in cultures under low or high oxygen transfer rates (OTR). The results revealed that under high
OTRpax conditions (between 8.1 and 8.9 mmol L! hfl), the absence of phasins PhbP2 and PhbP3
resulted in a strong negative effect on the growth rate; in contrast, the rates of specific oxygen con-
sumption increased in both cases. This behavior was not observed under a low oxygen transfer rate
(3.9 £ 0.71 mol L' h™1), where cellular growth and oxygen consumption were the same for the
different strains evaluated. It was observed that at high OTR, the absence of PhbP3 affected the
production of P3HB, decreasing it by 30% at the end of cultivation. In contrast, the molecular weight
remained constant over time. In summary, the absence of phasin PhbP3 significantly impacted the
growth rate and polymer synthesis, particularly at high maximum oxygen transfer rates (OTRmax).

Keywords: poly-3-hydroxybutyrate; molecular mass; phasins; Azotobacter vinelandii

1. Introduction

Poly-3-hydroxybutyrate (P3HB) is a material recognized as a bioplastic material that
belongs to the polyester family of polyhydroxyalkanoates (PHAs). P3HB shares thermome-
chanical properties with currently used petrochemical plastics, but it is biodegradable and
biocompatible [1]. Therefore, P3HB is a material utilized in diverse areas, like biomedical,
pharmaceutical, veterinary, food packaging, and cosmetics [2,3].

Many species of bacteria use different carbon sources to accumulate P3HB as a natural
mechanism for carbon and energy storage [4]. Azotobacter vinelandii is an interesting
P3HB production model, able to synthesize this polymer under conditions of nutritional
limitation, either of phosphates or mainly of oxygen and using different substrates, such as
cane molasses, glucose, sucrose, and compostable waste [5].

P3HB is stored in granules, also named “carbonosomes” due to their complexity
acquired through the binding of diverse GAPs (granule-associated proteins), which are
P3HB synthases, P3HB depolymerases, regulatory proteins (like PhaR), and phasins [6,7].
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Phasins are non-catalytic proteins (10-24 kDa), and are the major group of 2GAPs on the
P3HB granule surface. Phasins are very important in controlling the size, number, and
distribution of the granules in the cells, in addition to regulating the P3HB synthase and
P3HB depolymerase activities [7-9].

It has been observed that the overexpression of some phasin genes is related to
increased accumulation of P3HB [8-11]. Likewise, it is known that phasins can also
contribute to the regulation of P3HB depolymerization. Phasin PhaP could function as
an activator of the soluble PHB depolymerase of R. rubrum; surprisingly, PhaP is also a
thermoresistant and chemoresistant protein [10]. On the other hand, it was suggested that
in Cupriavidus necator, phasins modulate the activity of P3HB depolymerase Z1 and Z2,
respectively [12].

One of the hypotheses that explains the relationship between phasins and the modula-
tion of the activity of synthases and depolymerases is that, since the phasins are found on
the surface of the granules, they interact with P3HB synthases and P3HB depolymerases,
causing allosteric changes that modify the activity or binding to the PHB granule [13,14].

On the other hand, it has been proposed that phasins can act as chaperones that help
the cell relieve different types of stresses, such as thermal shocks, halophilic environments,
solvents and oxidative stress [7,15,16].

A. vinelandii is a P3HB producer bacterium. Three different phasin proteins have
been identified in this microorganism. The major protein in the P3HB granules of this
bacterium is PhbP1. This protein is involved in the determination of size and number of
granules [17]. The second phasin PhbP2 [18], belongs to the same family of phasins as
PhbP1. Both proteins have at the same position, a domain Phasin_2 (pfam09361; TIGR01841)
that is characteristic of this group of phasins. PhbP1 and PhbP2 phasins are similar in
length (186 aa, Mw 20422.82; 179 aa, Mw 19187.69, respectively), although their amino acid
sequences are only 31.4% identical. With respect to PhbP3, this protein is also small (203 aa,
Theoretical Mw 21789.22), and is also present on the P3HB granules [17]. PhbP3 is not
homologous to PhbP1 and PhbP2 (only 15.7% identical to PhbP1 and 20.8% to PhbP2) and
it has no significant homology either with other proteins recognized as phasins in other
organisms. No conserved domains could be found in its sequence and clear orthologous
proteins were found only in Azotobacter spp, where they are annotated as hypothetical.
However, it is interesting to note that the three phasins have hydrophobic regions in
their sequence, as other phasin proteins have, that could be involved in their binding
to the P3HB granules. Although their sequences are not very similar, they share some
structural characteristics, like regions predominantly of alpha-helical arrangements, with
some regions predicted to be disordered or unstructured, which is another characteristic
of several phasins. This structural flexibility suggests that it could interact with different
targets, including misfolded proteins [15]. It is known that the inactivation of PhbP2
phasin promotes the synthesis of P3HB, and that inactivation of PhbP3 phasin reduces
P3HB production in A. vinelandii in cultures in shaken flasks in PYS-rich medium [19,20].
However, the mechanism by which PhbP2 and PhbP3 phasins are involved in the regulation
of P3HB synthesis and degradation has not been described in detail.

On the other hand, it has been reported that the increase in the agitation rate in
bioreactors, and therefore in OTR, can generate an effect known as “sublethal damage”,
where it is proposed that the high OTR results in a condition of oxidative stress [21,22].
OTR is an important factor in the operation and optimization of biopolymer production.
In microorganisms like A. vinelandii, a thorough understanding of OTR and culture under
oxygen-limited conditions is crucial for P3HB production [23].

Taking the above into consideration, the present study aimed to evaluate the effect
of inactivating phasins PhbP2 or PhbP3 on the growth rate, production, and molecular
mass of P3HB in cultures at low and high OTR, to better understand their role in the P3HB
metabolism of A. vinelandii and to contribute to the design of strains capable of improving
specific characteristics, such as molecular size.
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2. Materials and Methods
2.1. Maintenance and Preservation of Strain

A. vinelandii strain OP, which is non-mucoid, was used as wild type. Strains OP-
PhbP2~ and OP-PhbP3™ are mutant derivatives of strain OP containing gene inactivations
of the phbP2 and phbP3 phasin genes, respectively, and were constructed as follows. In
mutant OP-PhbP2~, the gene coding for the phasin named PhbP2 (gene avin_03930) was
inactivated by insertion of a tetracycline resistance cassette derived from plasmid pHP45
0-Tc [24] into the BstXI restriction site within its coding sequence. This mutant allele was
introduced into the chromosome of strain OP by double-crossover recombination and
selection of tetracycline resistance (genotype phbP2::TcR). In mutant strain OP-PhbP3™~ the
gene coding for a different phasin named PhbP3 (gene phbP3; avin34720) was inactivated.
This was accomplished by inserting a kanamycin resistance cassette from plasmid pBSL99-
Km [25] into the HinclI restriction site found in the phbP3 gene. The resulting mutant
allele was introduced into the chromosome of strain OP by gene replacement through a
double-crossover recombination and selecting on kanamycin (genotype phbP3::KmR). The
introduction of each gene inactivation was confirmed by PCR and produced truncated
phasins [20]. The strains were stored in cryovials with 40% glycerol at —70 °C.

The OP, OP-PhbP2~, and OP-PhbP3~ strains were grown in Petri dishes with solid
PYS medium, which contains sucrose (20 g L~1), peptone (5 g L™!), yeast extract (3 g L™1),
agar (18 g L) and the corresponding antibiotics selection, tetracycline (60 pg mL~!) and
kanamycin (3 pg mL~1). The inoculum was obtained through cells grown in a 500 mL
shaken flask with 100 mL of liquid PYS medium (in g L~': 20 sucrose, 5 peptone and
3 yeast extract) without antibiotic, under 200 rpm and 29 °C, for 24 h until reaching an
optical density of 0.16 & 0.02 at 540 nm (Genesys 10S UV-VIS, Thermo Scientific, Boston,
MA, USA), corresponding to 0.08 4 0.02 g L~! of cell dry weight.

2.2. Bioreactor Cultures

The culture was carried out in a 3 L Applikon (Delft, The Netherlands) bioreactor,
equipped with two Rushton turbines (impeller diameter/tank diameter = 0.35), 6 flat-blades
and a 7-hole diffuser to provide bubbling aeration. pH was controlled to 7.2 £ 0.1 by the
automatic addition of NaOH 2N and HCI 2N through cultivation. Cultures were conducted
in PYS medium, at 29 °C using an agitation rate of 300 and 500 rpm for all strains evaluated,
with a working volume of 2 L and aeration of 1 vvm. A gas analyzer (Teledyne Analytical
Instruments, City of Industry, CA, USA, model 7500) was used to measure O, and CO, in
the gaseous flow at the bioreactor output. The gas analysis equipment was calibrated using
nitrogen (auto zero setting) and a reference gas (1% CO, and 5% O, for SPAN).

The estimation of the oxygen OTR was made from the online analysis of the level of
gaseous oxygen at the outlet of the bioreactor [21]:

M2 * ng in out
OTR = 3= ;¢ (B, - xg) (1)

where M, is the molecular mass of oxygen (g mmol 1), F(i;” is the volumetric inlet air flow
at standard conditions (L h™1), Vi is the working volume (L), Vi is the mol volume of the
ideal gas at fraction of oxygen in the inlet air (mol mol~1), Xg‘zt is the molar fraction of

oxygen in the inlet air (mol mol 1), Xg”;t is the molar fraction of the oxygen in the outlet
gas of the fermenter (mol mol~1).
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2.3. Determination of Fermentation Parameters

The specific growth rate (1) was calculated as described [26].
The u was calculated at 0 to 24 h of the culture using the following equation:

aX
o — #& ()

where p is the specific growth rate (h~ 1) and X is the cellular protein concentration (g L.

The P3HB volumetric productivity was determined according to:

_P-p
Qp3fp = A7 (3)

Py is the initial P3HB concentration (g L~1), P is the 3HB concentration (g L) to 24,
48 or 72 h, and At is the time in the period.
The specific oxygen uptake rate (qO,) was calculated with the following equation:

OTR (mmol L_lhfl)
702 = ) - 4)
cellular protein (gL 1)

2.4. Biomass and P3HB Quantification

Bacterial growth was measured as protein and measured using the Lowry method [27].
To quantify P3HB, 3-5 mg of dry biomass was taken and 1 mL of concentrated H,SO4
was added. The mixture was heated to 90 °C for 1 h. The samples were allowed to cool,
then diluted 1:50 with MilliQ water (MilliporeSigma, Burlington, MA, USA) and a 20 uL
sample was injected into high-pressure liquid chromatography (HPLC) (Waters Alliance
2695) using an Aminex HPX-87H column (Bio Rad, Philadelphia, PA, USA), using 5 mM
H)504 mobile phase, and a Waters 2996 diode array detector (Milford, MA, USA) was
used [19]. The area under the curve was quantified at 220 nm. The standard was prepared
through hydrolysis of commercial P3HB (1-0.1 mg mL~!) [23].

2.5. Molecular Mass Determination of P3HB

The biomass contained in 3 or 6 mL of sample was recovered by centrifugation.
Subsequently, the biomass was washed with 1 mL of distilled water, resuspended, and
centrifuged again at 8060 x g for 10 min (Eppendorf, model 5804 R, Hamburg, Germany). A
total of 1 mL of acetone was added, and the cell pack was agitated for 10 min. The sample
was centrifuged at 8060x g for 10 min, acetone was discarded and 2 mL of chloroform
was added to solubilize P3HB, leaving it in contact for 20-24 h at room temperature for
subsequent filtration before molecular mass analysis.

The molecular mass distribution was determined by gel permeation chromatography.
A Shodex K-807L column (Resonac, Tokyo, Japan) was used, which permits the analysis
of samples with molecular mass from 1000 to 20,000 kDa. The column was coupled
to HPLC equipment (Waters Alliance 2695, Milford, MA, USA) with a refractive index
detector (Waters, 2414, Milford, MA, USA). The injection volume was 50 uL, at a working
temperature of 30 °C and a run time of 30 min at a flow of 1 mL min~! using chloroform
as a mobile phase. Polystyrene standards were used to elaborate the calibration curve
with molecular mass between 2.9 x 10® and 5.6.0 x 10° Da. Samples were prepared at a
concentration of 1-2 mg mL~! and dissolved 24 h before analysis. Each sample was filtered
with glass syringes and chloroform-resistant PTFE membranes with a pore size of 0.45 um
(Merk, Millipore, San Francisco, CA, USA, No. SLCR033NB).

Empower Chromatography Data System (Waters) was used for the processing and
quantification of the molecular weight and mean molecular mass (MMM) of the samples.
From the calibration curve, an equation was obtained to estimate the molecular weight of
P3HB depending on the elution volume [23].

107



Polymers 2024, 16, 2897

The depolymerization rate (Da h—!) was calculated using the following equation:

MMMz - MMMy 5)
48 h

Depolymerization rate =

where MMM, is the mean molecular mass (Da) at 72 h, and MMM, is the mean molecular
mass (Da).

3. Results and Discussion

3.1. Growth Kinetics, OTR Profiles and qO, in Bioreactor Cultures at 300 and 500 rpm with OP,
OP-PhbP2~ and OP-PhbP3~ Strain

From the three different phasin proteins identified in A. vinelandii, a physiological role
has been established only for the majority phasin PhbP1 [18]. However, the role of PhbP2
and PhbP3 has not been studied. To evaluate the effect of the absence of phasins PhbP2
and PhbP3 under possible oxidative stress and start understanding their role in P3HB
metabolism, the OP wild-type strain and its derivative mutants OP-PhbP2™ (gene phbP2
inactivated) and OP-PhbP3~ (gene phbP3 inactivated) were tested under different OTR
conditions, represented by two agitation rates (300 and 500 rpm). These correspond to low
and high OTR. This was analyzed because some phasins have been shown to participate in
stress protection due to their chaperone-like activity [15,16,28].

Figure 1a shows the bacterial growth kinetics, measured as protein, of the three strains
grown at 500 rpm in PYS medium. In the cultures using the OP-PhbP2™ and OP-PhbP3~
strains, the cellular growth was lower compared to that of the OP strain. In the case of strain
OP, the maximal protein concentration was 1.43 & 0.04 g L1, whereas the cultures with the
mutant strains OP-PhbP2~ and OP-PhbP3~ reached 0.96 +0.02 gL "' and 1.08 = 0.15g L},
respectively. The p was 0.05 + 0.01 h~! for OP-PhbP2~ and 0.04 + 0.01 h~! for OP-PhbP3~. In
the case of the culture with the parental strain OP, the p was higher (0.08 + 0.02 h~!) (Table 1).
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Figure 1. Bacterial growth kinetics (a), OTR evolution (b), sucrose (c) and qO; evolution (d) for the
strains cultured at 500 rpm.
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Table 1. Effect of agitation rate on the OTR, qO,, p and final protein concentration in cultures of three
strains of A. vinelandii.

Strain Agitation Rate OTRpax q0,? u cl;,i(l)llzli;r
(rpm) (mmol L-1h-1) (mmoL g-1h-1) (1) (gL-1)
OP 500 8.30 + 0.56 92+10 0.080 £ 0.020 1.43 £0.04
300 3.91 £0.90 6.9 £0.7 0.025 £+ 0.001 0.94 £+ 0.07
500 8.12 +0.24 255+ 1.0 0.050 £ 0.010 0.96 £ 0.02
OP-PhbP2™
300 494 £092 12.1 £ 3.8 0.025 +£ 0.001 0.89 £ 0.01
500 8.94 +£0.79 373+ 1.6 0.040 + 0.010 1.08 £0.15
OP-PhbP3~
300 3.20 + 1.00 69 +23 0.027 4+ 0.001 0.99 £+ 0.17

2 measured at 12 h of cultivation.

Although the u was lower in the cultures conducted with the mutant strains, the
OTR profiles (Figure 1b) were very similar for the three strains evaluated. For example,
the OTR increased during the first 10 h of cultivation, reaching maximal values between
8.1 and 8.9 mmol L~! h™! depending on the strain evaluated. Regardless of the strain,
the OTR remained constant from 10 to 24 h of cultivation, which was a sign of oxygen
limitation in the culture, with a plateau region characteristic of this kind of limitation, as
previously described [21,29]. After 24 h, the OTR dropped drastically to a minimal value of
3mmol L=t h~1,

Figure 1c shows the sucrose during cultivation. For the three strains evaluated, the
rate of sucrose consumption at 500 rpm was the same, with values of 0.25 g L~! h. At the
end of the culture (72 h), a residual sugar concentration of 2 g L~! was determined for
the cultures with the OP strain and OP-PhbP3~ strains, and 4.0 g L~! in the cultures with
the mutant OP-PhbP2~. It is known that in cultures of A. vinelandii, the affinity constant
(Ks) for sucroseis 0.1g L~! [30]. Therefore, the cultures were not limited by the carbon
source, and thus, it is possible that other nutrients, such as phosphates or trace elements,
are responsible for this drop in oxygen transfer rate and oxygen consumption.

The qO; was calculated in the range of 12 to 36 h, since in that period, the dissolved
oxygen tension remained constant, and therefore, it can be assumed that the oxygen transfer
rate is equal to the oxygen uptake rate [30]. As shown in Figure 1d, the highest value of qO,
was reached with the mutant strains along the culture. In the cultures at 500 rpm, this value
was two- to three-fold higher than that obtained with the OP strain during the growth
phase (12-24 h). For example, at 12 h of culture, the qO; for the culture of the OP-PhbP3™
strain was 37.3 £+ 1.6 mmoL g~ ! h™! and 25.5 & 1.0 mmoL g~! h~! for the culture with
mutant OP-PhbP2~, whereas for the OP strain, it was 9.2 + 1.0 mmoL g’l h-1 (Table 1).

It has been reported that variations in agitation rate, and therefore in the OTR, could
promote an effect known as “semi-lethal damage”, where it is proposed that high OTR,
similar to those achieved at 500 rpm, results in a condition of oxidative stress [21,22].
On the other hand, it is known that A. vinelandii cell walls exhibit a high resistance to
mechanical stress; therefore, it seems unlikely that cells of A. vinelandii could be damaged
by the mechanical stress generated in the bioreactor at 500 rpm [31]. Previous studies have
reported that in cultures of A. vinelandii at 500 rpm, it is possible to find a situation that
causes semi-lethal cell damage [21]. Considering this starting point, and that in the mutant
strains the phasins PhbP2 or PhbP3 are not expressed, we propose that these phasins may
be playing another function distinct to P3HB metabolism, possibly as chaperone proteins
that protect the cells against oxidative stress, as has been shown for other phasins [15,16].
To evaluate this possibility, cultures were carried out at low OTR (300 rpm). As shown in
Figure 2a, there were no significant changes in the growth or the qO,, that being the case for
the two mutant strains concerning strain OP. The values of maximal protein concentration
were in the range of 0.9 to 1.4 ¢ L~1, with 11 0.025 & 0.001 h~! for both OP and OP-PhbP2~
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and 0.027 4- 0.001 h=! for OP-PhbP3~. In the case of qO,, the values at 12 h of cultivation
were in the range of 6.9 to 12.1 mmoL g~! h™! (Table 1). Therefore, it is possible that
under conditions of high oxygen transfer, phasins could be involved in participating as
chaperone-type proteins that help face a situation of oxidative stress in the cells. However,
more studies are necessary to elucidate the mechanisms involved.
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Figure 2. Bacterial growth kinetics (a), OTR evolution (b), sucrose (c) and qO; evolution (d) for the
strains cultured at 300 rpm.

It is known that the phasins exert a stress reduction action, both in P3HB and non-
P3HB-synthesizing bacteria, decreasing the induction of heat shock-related genes in E.
coli [12,13] and promoting protein folding through a chaperone-like mechanism, which
suggests an in vivo general protective role [28]. However, it is necessary to carry out
more studies that help discern if the suggested effect is carried out genetically or if it is
through protein—protein interactions on the granule surface, since in some models, it has
been shown that phasins facilitate the anchoring of P3HB synthases to the surface of the
granules [28].

3.2. P3HB Production at 300 and 500 rpm Using the OP and Mutant Strains

The accumulation percentage of P3HB and its concentration were also quantified at
different culture times. Figure 3a shows the kinetics of P3HB production of the three strains
evaluated at 500 rpm. It was observed that the absence of phasin PhbP2 increased the
production of P3HB, whereas the absence of phasin PhbP3 resulted in a decrease in the
production of the polymer. The maximal concentrations were 4.6 4 0.5 g L ™! for the OP
strain, 5.3 + 0.3 g L™! for the OP-PhbP2 " strain, and 3.7 4 0.6 g L~! for the OP-PhbP3~
strain (Table 2).
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Figure 3. Evolution of the P3HB production (a,b) and intracellular accumulation (c,d) in cultures of
three strains of A. vinelandii at different agitation rates (500 and 300 rpm). OP strain (black circles),
OP-PhbP2~ (white circles) and OP-PhbP3~ strain (black triangles).

Table 2. Effect of agitation rate on the P3HB production, accumulation of P3HB and P3HB volumetric

productivity for the three strains evaluated of A. vinelandii.

Q
, Agitation Rate ~ P3HBpax P3HBmax @l Tho1)
Strain 1 (% on Dry Cell &
(rpm) gL-1 .
Weight) 24 h 48 h 72 h
500 4'(67;8'5 720£05 0.138 + 0.003 0.087 =+ 0.009 0.061 + 0.001
or + 16.4
300 3'(872 }8'6 69.0 £ 16. 0.050 =+ 0.009 0.049 =+ 0.005 0.049 + 0.008
500 5'(37;8'3 823+ 8.1 0.052 + 0.001 0.098 + 0.001 0.067 + 0.004
OP-PhbP2- 14401 473410
300 ©oh) D 0.031 + 0.003 0.023 + 0.001 0.013 + 0.002
500 3'é§}8'6 71.0£05 0.088 + 0.003 0.071 = 0.005 0.048 + 0.006
OP-PhbP3™ 1.6+ 03 62.7 + 3.0
300 o2h) S 0.035 =+ 0.001 0.022 + 0.003 0.020 + 0.004
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Figure 3c shows the accumulation percentage of P3HB at 500 rpm. In general, no
significant differences were found in the P3HB accumulation in the different strains evalu-
ated. The OP-PhbP2~ strain showed high levels of P3HB accumulation, reaching values
of 82.3 & 8.1% based on the dry weight of the bacteria. On the other hand, in the cultures
with the OP strain, the percentage was 72.0 + 0.5 w w1, and 71.0 & 0.5% w w ! for the
OP-PhbP3~ strain (Table 2).

It is important to point out that in the cultures at 300 rpm (OTR about 5 mmol L~! h~1),
both the concentration (Figure 3b) and the percentage of polymer accumulation (Figure 3d)
were lower with the three strains evaluated than those obtained at 500 rpm. As shown in
Figure 3b, the highest production of P3HB was obtained in the cultures with the OP strain,
reaching 3.8 £ 0.6 g L~ !. In the case the OP-PhbP3~ mutant strain, the P3HB production
was 1.6 £ 0.3 g L™}, and for the OP-PhbP2~ strain, it was 1.4 & 0.1 g L~1. Similarly, the
maximal percentage of polymer accumulation was around 70% with the OP strain and
47.3 £ 1.0% w w~ ! and 62.7 4- 3.0% w w~! with OP-PhbP2~ and OP-PhbP3~, respectively.
It is important to point out that at 300 rpm, in the culture with the mutant strains, a
decrease in P3HB accumulation according to the culture time was observed. Although
we do not have an explanation for this, it is possible that in the mutant strains, there is a
slight consumption of P3HB from the beginning of cultivation, which is not necessarily
reflected in the concentration of the polymer. It is important to note that the higher Qpspp
was obtained in the cultures conducted at 500 rpm using the OP-PhbP2~ strain (Table 2).

These results contrast with previous reports by other authors, who found that under
conditions of low oxygen transfer, such as those obtained at 300 rpm, the synthesis of P3HB
is favored, because the carbon source is channeled through the TCA cycle, and much of the
carbon source is directed to P3HB production instead of bacterial growth. However, those
studies were performed with a different strain (OPNA) that has inactivated the rsmA and
ptsN genes that are involved in the regulation of P3HB synthesis [30].

More recent studies [23] reported a behavior similar to that observed in this study.
Those authors found that maximal production (4.2 =04 g L~1) and accumulation of P3HB
(90 & 5% w w 1) using the strain OP was reached in the cultures grown at 500 rpm (high
OTRmax). On the contrary, the lowest P3HB production of approximately 1.6 + 0.3 g L1
(56 + 2% w w~!) was obtained at 300 rpm (low OTRpax).

This increase in the production and accumulation of P3HB at high oxygen transfer
may be due to the activation of a cell protection mechanism against oxidative stress, as
was previously reported [22]. Those authors found that in cultures at high oxygen transfer
(20.2 mmol L~! h™1), Rhizobium phaseoli increases both the activity of catalase, an enzyme
that acts on hydrogen peroxide, and the production of P3HB, as a strategy to address
oxygen stress situations.

On the other hand, it was suggested that in Cupriavidus necator, phasins modulate the
activity of P3HB depolymerases Z1 and Z2, respectively [32]. In the case of Azotobacter sp.
FA-8, the phasin PhaPAz is the most abundant P3HB granule-associated protein [16,33]. It
was found that this protein displays a growth-promoting effect, also enhancing the polymer
production in recombinant P3HB-producing Escherichia coli [15].

3.3. Molecular Mass Distributions of Polymers Produced by the OP and Mutant Strains

Figure 4 shows the mean molecular mass data of the three strains evaluated at 500 rpm.
Maximal molecular masses of 7080 + 273 kDa and 6820 + 237 kDa were reached in the
P3HB produced by the OP strain and OP-PhbP2™ at 24 h of cultivation. At the end of
the culture (72 h), the mean molecular mass of the polymer decreased in both strains to
values of 5480 + 239 kDa and 4489 + 281 kDa for the polymers produced, respectively,
by the OP strain and OP-PhbP2™. It is interesting to note that in the case of the strain
OP-PhbP3~, the mean molecular mass remains constant throughout the cultivation at a
value of 7262 £ 1334 kDa at 24 h of cultivation and 6704 & 981 kDa at 72 h. According to
the ANOVA analysis, there are significant differences (o < 0.05) in the MMM of the polymer
produced by the OP and OP-PhbP2™~ in the range of 24 to 72 h, whereas no significant
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differences were found in the MMM of the P3HB produced by the OP-PhbP3 ™~ in the same
period of cultivation (Figure 4).
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Figure 4. Mean molecular mass (MMM) of P3HB produced for the different strains evaluated in
cultures of A. vinelandii developed at 500 rpm.

P3HB with different molecular masses exhibits varying mechanical and processing
properties, determining their applicability in commercial sectors [2]. Low-molecular-mass
P3HB is preferred in applications requiring higher biodegradability and flexibility, such as
single-use packaging, controlled drug release systems, and biodegradable sutures. In con-
trast, higher-molecular-mass P3HB is more suitable for products that demand high strength
and durability, such as bioplastics for structural components, textiles, and implantable
medical devices [2].

To better understand the changes observed in the molecular mass of P3HB, Figure 5
shows the molecular mass distribution of the P3HB accumulated at 24, 48, and 72 h for the
three strains tested.

It is clear that in the case of the OP strain, at 24 h, most of the P3HB fractions are in the
range of 1000 to 10,000 kDa, whereas at 48 and 72 h, a significant change in the distribution
is found, with a high percentage of molecules in the range of 100 to 1000 kDa. On the other
hand, in the polymer synthesized by the OP-PhbP2™~ strain, a phenomenon similar to that
identified in the OP strain is observed, especially at 72 h, where the percentage of molecules
in the range of 100 to 1000 kDa increased significantly. In contrast, in the case of the OP-
PhbP3~ strain, no relevant changes were observed in the distribution of molecular mass as
a function of culture time and most of the fractions are in the range of 1000 to 10,000 kDa,
independently of culture time. This behavior is reflected in the polydispersity index (PI) of
the product, finding that in the polymer produced by the OP strain and OP-PhbP2~, the
values at the end of the culture are higher than 3 (3.01 4 2.04 and 4.93 & 0.88, respectively),
whereas for the polymer synthesized by the strain OP-PhbP3~, the PI was 1.27 &£ 0.05.
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Figure 5. Distribution of molecular mass of P3HB produced by the OP (a), OP-PhbP2~ (b), and
OP-PhbP3~ (c) strains in cultures performed at 500 rpm.

114



Polymers 2024, 16, 2897

The decrease in the molecular mass throughout the culture observed in the OP and OP-
PhbP2™ strains could be related to the activity of P3HB depolymerase during the stationary
phase of the cultivation. In the cultures with the OP and OP-PhbP2~ strains, activities of
1.20 + 0.10 and 1.86 + 0.20 g P3HB mg prot ! min~! were detected, respectively, whereas
in the OP-PhbP3™ strain, no activity was detected. Previous studies with the OP strain [17]
have found an increase between 40 and 50% in the activity of P3HB depolymerase at
the end of the exponential growth phase and the stationary phase, under oxygen transfer
conditions similar to those used in the present study. In contrast, the P3HB synthase activity
decreased by about 50% at the end of the stationary phase [34].

Regarding the results observed in the P3HB synthesized by the OP-PhbP3~ strain, it
is possible to hypothesize that the phasin could activate the P3HB depolymerase PhbZ1,
which is known to cause a decrease in the molecular mass of the P3HB [17,34]. The absence
of phasin PhbP3 would negatively affect the activity of this depolymerase, so less hydrolysis
of the polymer would occur, because a similar result to that of mutant OP-PhbP3~ has been
observed with the inactivation of PhbZ1, maintaining the MMM along the culture [17].
This kind of effect of phasins on the activity of P3HB depolymerases has been previously
reported [13,32].

There are some examples where changes in the expression of different phasins had
effects on the molecular mass of the PHAs produced. For example, in Aeromonas hydrophila,
the over-expression of the phasin PhaPAh reduced the molecular mass of the PHA produced
to approximately 50% of that of the wild-type strain. This phenotype was explained by the
authors as a possible indirect effect through the PHA synthase, because over-expression of
phaPAh increased transcription of PhaCAh, and over-expression of phaC also negatively
affected the molecular mass [35].

On the other hand, the phasin PhaPAh from Aeromonas hydrophila seems to regulate
the phaCAh gene at the transcriptional level [35]. If a similar regulation occurs in A.
vinelandii, the amount of PhbC would be affected in the phasin mutants, and a correlation
between the active synthase concentration and the molecular mass of the PHA produced
has been reported, where it was found that the lower the PhaC concentration, the higher
the molecular mass of the polymer [36].

Table 3 shows the depolymerization rate of PBHB and Qpspp in cultures conducted
at 500 rpm. It is possible to observe a direct relationship (r> = 0.999) between the depoly-
merization rate (determined between 24 and 72 h) and the Qpsyg. For the lowest Qpsyp
(0.071 g L~! h~1), obtained in the cultures at 500 rpm using the OP-PhbP3~ mutant strain,
a depolymerization rate of 3555 + 136 Da h~! was reached. On the other hand, in the
cultures with the OP strain, the Qpspp was 0.087 g L~ h~!, with a depolymerization rate
5 times higher (15800 Da h~1) than that with the OP-PhbP3~ strain. The extreme condition
occurs with the OP-PhbP2~! strain, where the highest rate of P3HB synthesis was reached
(0.098 g L~! h™1), as well as a high rate of depolymerization (24500 Da h~1).

Table 3. Relationship between the P3HB volumetric productivity and depolymerization rate of P3HB
in cultures of OP, OP-PhbP2~, and OP-PhbP3~ strains at 500 rpm.

Strain OTRpmax Qpr3uB Depolymerization Rate
(mmol L-1h-1) (gL-1h- 1 (Dah-1)
0)4 8.30 £ 0.56 0.087 £ 0.009 15,800 £ 1500
OP-PhbP2~ 8.12 £0.24 0.098 4+ 0.001 24,500 4+ 2500
OP-PhbP3~ 8.94 £ 0.79 0.071 £ 0.005 3555 + 136
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This trend was previously reported by [34], who found a close relationship between
the synthesis rate of P3HB and the molecular mass of polymers. These authors reported
that when the rate of P3HB synthesis is increased, by manipulating the polymer content in
the inoculum, a significant decrease in the molecular mass of the polymer was observed. In
addition, this behavior is similar to that observed in recombinant E. coli and Azohydromonas
lata cultures, where an inverse relationship between the P3HB production rate and the
molecular mass was reported [17,35,37]. On the other hand, studies in our group [32] have
shown that in the case of the cultures developed using an inoculum with 50% of P3HB, the
synthase activity was higher when the P3HB productivity was higher (growth exponential
phase) and this activity decreases significantly during the stationary phase of growth when
the productivity of P3HB decreases [33].

4. Conclusions

Overall, our results demonstrate for the first time that the absence of phasins PhbP2 or
PhbP3 leads to a significant reduction in the specific growth rate of mutant strains under
high OTR conditions. This behavior could be related to the protective role that some of these
proteins have against the effect of oxidative stress generated in cultures under high oxygen
transfer. For example, the phasin PhaP, from Azotobacter sp. FA-8, which belongs to the
same family of phasins as PhbP2 of A. vinelandii, has a stress-reducing action that results in
increased growth and higher resistance to superoxide stress. This phasin has chaperone-
like activity, so the stress-protective effect could be related with this capacity [15,16]. The
PhbP2 phasin could have a similar role, because both PhbP1 and PhbP2 of A. vinelandii
have a similar predicted structure with several alpha-helical arrangements, alternated with
unstructured regions. The regions of predicted structural flexibility could interact with
different targets, including misfolded proteins. In the case of PhbP3, it represents a new
family of phasins, with no conserved domains shared with PhbP1 and PhbP2 and with
poor identity in sequence; however, some structural similarity is observed, which could
suggest a similar role. The targets of PhbP2 or PhbP3 are not known, but some of them
could be important to sustain normal growth under oxygen stress.

On the other hand, the higher rate of oxygen transfer in the cultures promotes the
synthesis of P3HB, doubling of the polymer concentration in the three strains evaluated
with respect to that obtained at a low oxygen transfer. Finally, it was observed that the
molecular mass of the polymer synthesized by strain OP and OP-PhbP2~ decreased at the
end of the culture, whereas in the case of the polymer obtained with the OP-PhbP3™ strain,
it remains constant, a situation which could be related to the activity of the depolymerases.
This suggests that a P3HB depolymerase could be a target of PhbP3.
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Abstract: Studying cell settlement in the three-dimensional structure of synthetic biomaterials over
time is of great interest in research and clinical translation for the development of artificial tissues and
organs. Tracking cells as physical objects improves our understanding of the processes of migration,
homing, and cell division during colonisation of the artificial environment. In this study, the 3D
environment had a direct effect on the behaviour of biological objects. Recently, deep learning-
based algorithms have shown significant benefits for cell segmentation tasks and, furthermore,
for biomaterial design optimisation. We analysed the primary LHON fibroblasts in an artificial
3D environment after adeno-associated virus transduction. Application of these tools to model
cell homing in biomaterials and to monitor cell morphology, migration and proliferation indirectly
demonstrated restoration of the normal cell phenotype after gene manipulation by AAV transduction.
Following the 3Rs principles of reducing the use of living organisms in research, modeling the
formation of tissues and organs by reconstructing the behaviour of different cell types on artificial
materials facilitates drug testing, the study of inherited and inflammatory diseases, and wound
healing. These studies on the composition and algorithms for creating biomaterials to model the
formation of cell layers were inspired by the principles of biomimicry.

Keywords: electrospun; mats; neural network; fibroblasts; transduction; AAV; cell homing and
migration

1. Introduction

The field of biomedical material research plays a crucial role in the progress of modern
high-tech medicine [1]. The demand for these materials is rising due to an ageing popu-
lation, increased risks of developing senile diseases, and the spread of such civilisational
diseases as diabetes mellitus, osteoporosis, and cardiovascular diseases. All of this escalates
the prevalence of chronic trophic ulcers, impairs wound healing, and increases the risk of
surgical interventions and injuries [2,3].

In preclinical research, the most promising strategy for wound healing is the develop-
ment of methods to generate an extracellular matrix (ECM) [4]. Fibroblasts, as the largest
cell population in the dermis, are critical for maintaining the composition and stability of
the ECM. They regulate the production and degradation of collagen, elastin, and other
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ECM components. On the other hand, the extracellular matrix has the ability to control
the growth and movement of dermal fibroblasts and also affect their transdifferentiation
into various cell types, influencing both the function and morphology of fibroblasts (see
Figure 1) [5].
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Figure 1. The multilayered arrangement of the main components of the dermoepidermal junction
(DE]) and dermis demonstrates the interaction of cell populations and the extracellular matrix (ECM).

Functional polymer materials with unique properties have the potential to improve
medical devices and drugs, leading to more effective treatments [6]. These novel polymers
are being produced in biomedical research using a simple and technologically advanced
electrospun process [7]. The morphology and proliferation of eukaryotic cells depend on
their microenvironment, as the local orientation of the electro spun fibres has a pronounced
influence on cells [8].

Artificial scaffolds provide a reliable surface for cell attachment, ECM formation, trans-
differentiation, and functional tissue formation. Scaffolds can be created from different
materials, which include natural, synthetic, or composite materials. Techniques such as
pore-forming leaching, electrospinning, molecular self-assembly, and phase separation can
be used to create these scaffolds. A potential solution for overcoming specific limitations of
individual materials, such as inadequate mechanical properties, weak cell adhesion, and
inappropriate biodegradation rates, is the use of composite biomaterials [9]. Electrospun
materials offer significant benefits for tissue engineering due to their ability to closely imi-
tate natural scaffold structures as well as sustain cell migration and proliferation. Dermis
scaffold implants accelerate the healing process of partially or completely damaged skin
caused by thermal or chemical exposure [10]. Furthermore, the three-dimensional scaffold
matrix promotes tissue regeneration while preventing the formation of new wound lesions
during the initial healing stages. The low cytotoxicity and adhesive properties of the scaf-
fold’s structural features facilitate cell migration along the fibres within the wound. Thus,
the key feature of nonwoven polymer materials in medical applications is their ability to
support cell migration and homing for tissue formation. For materials scientists in biotech-
nology, the establishment of reliable methods for assessing cell migration, proliferation,
and homing is a challenging task.

Operando research in biomaterials requires advanced imaging techniques, real-time
monitoring tools, and specialised experimental set-ups to observe and analyse materials in
their functional states in natural environments [11].
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The migration of fibroblast cells is pivotal in the wound recovery process, bone forma-
tion, and implant healing. The application potential and utility of nanofibre mats in tissue
engineering will be maximised if they promote cell monolayer and ECM formation. Model
materials such as PLA-gelatine are useful for extending and modifying the fibre surface
topology. Convolutional or deep neural network (CNN) analysis, by monitoring nuclei
as an indicator of cell migration, differentiation, and homing in different microenviron-
ments, influences gelatine release as an important factor for cellular colonisation of mats.
By cell migration, we mean the change in the number of cells in the volume of an artificial,
synthetic, or native implant per unit of time and per unit of area. The proposed CNN
model effectively assesses cellular stress based on migration rates, homing, and nuclear
morphology. We have used primary fibroblasts with a mutation in the ND4 gene, which is
used as a cell model for Leber Hereditary Optic Neuropathy (LHON) [12]. These fibroblast
cells were previously used to generate iPSCs that differentiated along retinal ganglion cells
(RGCs) [13]. In this way, we are creating disease models and drug development for gene
therapy that exploit allotopic expression of the ND4 gene through MTS signalling [14,15].
We aimed to investigate whether the migration and homing of ND4 mutated primary
fibroblasts would be altered after transduction by a therapeutic AAV vector compared with
a GFP-expressing control. This is important because AAV vector transduction has been
reported to be toxic to cells [16] and may induce cellular stress by activating the antiviral
immune response.

2. Materials and Methods
2.1. Electrospun Technique

Poly-(D,L)-lactide (PLA, Ingeo 4032d, NatureWorks, 650 Industrial Park Drive, PO Box
564 Blair, NE 68008, USA) -gelatine (ServiceBio, Wuhan, China) solutions of 100 mg/mL
and 200 mg/mL of 1,1,1,3,3,3-hexafluoro-2-propanol (HFiP, 105228-2KG, Sigma-Aldrich,
St. Louis, MO, USA), respectively. The PLA-gelatine solutions were composed through
combination at 1:1 and 1:3 vol. % ratios. For instance, mat A is PLA-gelatin (100 mg/mL)
(3:1), mat B is PLA-gelatine (100 mg/mL) (1:1), mat C is PLA-gelatine (200 mg/mL) (3:1),
and mat D is PLA-gelatine (200 mg/mL) (1:1). Electrospinning was conducted with an
acceleration voltage of 30 kV and a flow rate of 1 mL/h using an HSW NORM-JECT syringe
(Henke Sass Wolf, Noerten-Hardenberg, Germany) at a distance of 30 cm from the counter
electrode on a MECC NF 500 (MECC CO, Kyoto, Japan) at a temperature of 25 °C and
45-55% humidity. A 22 gauge stainless steel needle was employed as the nozzle, and an
emitting electrode of positive polarity, alongside a ground electrode, was connected to a
flat static collector. A polymethylmethacrylate (PMMA) dielectric collector was utilised to
acquire freestanding mats positioned 10 cm from the counter-electrode. The mats that were
150-300 um thick were deposited into Petri dishes 9 cm in diameter (Perint, St. Petersburg,
Russia). Subsequently, the dishes were incubated for 24 h at 30 °C.

2.2. Scanning Electron Microscopy

The surface morphology and topography of the electrospun nanofibres, as well as
morphology of the primary fibroblasts, underwent examination via a scanning electron
microscope (Carl Zeiss Crossbeam 550, Oberkochen, Germany). The SEM was operated
at an accelerating voltage of 8 kV and a current of 150 pA. A Quorum (Q150T S/E/ES+,
London, UK) was used to deposit a 10 nm gold-palladium (80:20 at.%) coating. Around
100 random measurements using Image] image analysis software (National Institutes of
Health, Bethesda, MD, USA) were taken to estimate the diameter and distribution [17]. Two
detectors such as SE2 and InLens were employed to measure the cell area. The SE2 detector
is apt for visualising the cell surface topology and cell boundaries, while the InLens detector
allows the outline of a cell’s nucleus to be visible. The cell morphology was analysed by
quantifying the cell area and cell proliferation.

The primary human skin fibroblasts were prepared for SEM through three steps:
fixation, dehydration, and plating. The cells were fixed to a 4% formalin solution for
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30 min at room temperature and then washed twice with DPBS. The fixed cells on the
mat holder were subjected to stepwise exposition in 500 pL ethanol-water solution for
5 min at 10%, 20%, 30%, 40%, 50%, 60%, 70%, 70%, 80%, 90%, and 96% (the 70% and 96%
steps were prolonged to 10 min) [18]. The samples were incubated in a 1:1 mixture of
hexamethyldisilazane (HMDS)-ethanol for 10 min and subsequently subjected to three
rounds of incubation in 100% HMDS (300 nL). The first two incubations lasted for 10 min
each, while the third incubation was extended overnight to ensure complete evaporation of
the HMDS.

2.3. Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was carried out using an RSA-G2 (TA In-
struments, New Castle, DE, USA). The test was performed at a constant tensile rate of
5 x 1073 mm/min in accordance with ASTM D638 without any preload until the sample
broke [19]. The measurements were taken at a temperature of 37 °C. The samples had
an aspect ratio of 1:6 and a thickness that varied from 150 to 300 pm. Determining the
mechanical properties of thin nanofibre composites is challenging due to the limitations of
anchorage and the application of excessive strain. These samples were incubated at 37 °C in
dPBS for a fixed period of time. They were mounted in a special frame to avoid mechanical
deformation. We tested at least three samples from each batch of electrospun mats.

2.4. Laser Scanning Confocal Microscopy

Primary fibroblast proliferation and migration were analysed after 1, 4, and 7 days.
An LSM 980 confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany) with a
Plan-Apochromat 20 x /0.8 objective was used to assess proliferation and cell migration.
The laser power at 405 nm was set to 0.5-1% nominal power. The cells were fixed with a
4% solution of buffered cold formalin for 15 min, followed by washing twice with DPBS.
Then, the cell nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific, Waltham,
MA, USA) and propidium iodide.

2.5. AAV Production

Briefly, a suspension of HEK293 cells (ECACC 85120602) was transfected with pAAV
expression plasmid (ND4 or GFP), pHelper Vector (Part No. 340202, Cell Biolabs Inc., San
Diego, CA, USA), and pAAV-RC6 Vector (Part No. VPK-426) with a molar ratio of 2:2:5,
respectively. Then, pAAV-GFP plasmid (Cat. number VP-401, CellBiolabs, San Diego, CA,
USA) was used to produce AAV6-GFP vector. To produce an AAV vector for allotopic
expression of ND4, the pAAV-COX8-ND4 plasmid, expressing the ND4 gene with a COX8
mitochondrial localisation signal at the 5" end under the control of the CMV promoter, was
used (Supplementary Figure S1). DNA (1.5 ug per 1 million cells) was mixed with PEI
MAX (Linear polymer, MW 40’000, Polysciences Inc., Warrington, PA, USA) at a mass ratio
of 1:5, respectively, to a final volume of 5%. After transfection, the cells were cultivated
in BalanCD HEK293 medium (Irvine Scientific, Santa Ana, CA, USA) at 37 °C, 5% CO,,
and 100 rpm for 120 h. The cells were then lysed (0.05% Tween-20), nuclease-treated, and
centrifuged at 3000 g for 10 min, and the supernatant was filtered by 0.22 um membranes.
The concentrate was then purified by affinity chromatography (AAVX, Thermo Fisher
Scientific). The number of viral genomes was determined by gPCR. The obtained sample
was subsequently filtered by a 0.22 um syringe filter (TPP 99722).

2.6. Fibroblast Transduction by AAV

The fibroblasts were transduced with 30,000 viral genomes per cell (MOI), and
500,000 cells were transferred to 3 cm TC-treated plates. After 17-18 h of incubation
(87 °C, 5% COy), the medium was collected, the cells were trypsinised according to the pro-
tocol described above, and after 36 h, the transduced cells were plated onto the mats. The
efficiency of transduction was estimated by GFP expression and reached 50% GFP+ cells
after 17-18 h of culturing by fluorescence intensity on Axio Vert.Al (Carl Zeiss, Germany).

122



Polymers 2024, 16, 1187

a
j

g Y,
l" f‘,g ‘,‘:{")‘:"
M D
BuEaE
S

a‘%\"‘ “"§5’ A0 1:
el

K

N g\
DX

Count, unit

Count, unit

Count, unit
: 8 & B

2.7. Convolutional Neural Network (CNN)

The U-Net [20] trained on the primary fibroblasts on the mats (5140 images) and the
DSB dataset [21] detected nuclei in the PNG files using predefined metrics like the IoU and
dice loss. Augmentation boosts the dataset in such a manner that reproducing raw images
similar to the original produces a more robust model with a lower overfitting risk or better
generalisation capabilities [22]. The intersection over union (IOU) can help assess a model’s
performance on training and validation datasets for nuclei vision tasks. It shows whether
the model can effectively generalise and be applied to new data. Fibroblast nuclei masks
were manually designed for the model training. A training IOU is a metric on a training
dataset that indicates the model’s segmentation quality of objects in the images used in
training. A high training IOU demonstrates that the model is proficiently trained and
efficiently identifies the objects in the images. A validation IOU is a metric value assigned
to a validation dataset that is not utilised for model training.

All testing and training of the neural network were carried out using an NVIDIA RTX
3060 graphics card (256 bits, 8 GB memory). Our study utilised two separate cell datasets
comprising microscopic images from distinct biological fields. The first dataset consisted of
108 CZI files, each containing 14 layers and boasting a resolution of 13,926 x 13,926 ppi
(Figure 4a).

3. Results and Discussion
3.1. Mechanical Properties of Microenvironment

The SEM images (Figure 2a) showed a dense layer of composite fibres on the mats. The
average fibre diameter of the mats was 566 & 123 nm for mat A, 690 £ 124 nm for mat B,
820 = 255 nm for mat C, and 1440 £ 400 nm for mat D. The average diameter and standard
deviation of a minimum of 200 fibres per sample are presented. Higher concentrations
of gelatine in the fibres showed an irregular morphology, with more ribbons and thinner
spider-like or reticular structures. Fibre diameter reduction was a variable parameter and
was not investigated further.
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Figure 2. Compositions A, B, C, and D (from top to bottom). (a) SEM images of microstructure and
diameter distribution of fibres. (b) Release of gelatine from fibres. (c) Fibrous mat-mounted cell
culture with 1 cm? inner diameter for PMMA holders. (d) Stress-strain curves for mat composition B.
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The fibres underwent considerable topographical changes after being incubated in an
aqueous medium for 30 min. The initial roughness of the fibre was substituted with deep
furrows. Moreover, the surfaces of thin tapes were separated into plates, which combined
with the fibres.

As the incubation time increased, grooves resembling cracks emerged on the fibres,
which were still visible even after 24 h (Figure 2b). Images (Figure 2b) are provided for
visual assessment of the fibre topography at 200 nm, 2 um, 4 um, and 3 um magnifications
after the 24 h incubation period. These observations are an indication that PLA-gelatine
mats are readily subject to prolonged degradation. This allows for a positive prediction
of its potential for long-term incubation in cell culture. The degradation level of the
mats should match the rate of new tissue formation, ensuring optimal conditions for
successful regeneration. Rapid mat degradation can inhibit cell proliferation, while slow
mat degradation can hinder the restoration of biological tissue function [23]. Therefore,
maintaining a balance between the rate of mat degradation and new tissue formation
is critical.

The material must have adequate strength to resist manipulation during implanta-
tion and preservation under both storage and physiological conditions. The skin’s tensile
strength is approximately 1-27 MPa [22] during the first and second stages of deformation,
which promotes wound healing at the microscopic level, with mechanical signalling being
critical for cell growth, transdifferentiation, and ultimately tissue engineering. The me-
chanical properties of the mats decreased from 1.6 MPa to 0.7 MPa as the strain decreased
from 3% to 1.5% due to gelatine release during incubation (as presented in Figure 2d). This
was accompanied by a reduction in fibre diameter [Table 1]. The tensile strength of the
samples that were sterilised with UV radiation before cell seeding decreased to 0.8 MPa. UV
irradiation can break down polymer chains into smaller fragments. During the experiment,
the samples were subjected to a 14 W/cm? ultraviolet lamp. Following 24 h of incubation,
the mechanical properties of the samples remained soft and within the range of the native
tissue strength.

Table 1. Stress—strain values for each of the incubated mats.

Obreak O¢ €break O¢

1h 1.75 0.23 2.81 0.68

2h 1.39 0.25 2.86 0.22

4h 1.14 0.24 2.03 0.41

6h 0.83 0.12 1.67 0.40

24 h 1.04 0.07 2.27 0.20
Control + UV 1.03 0.43 2.54 1.13
Control 1.18 0.40 10.17 1.19

3.2. Proliferation and Changes in Nuclear Morphology during Cell Migration and Homing

The viability of primary cells declines after a few passages in vitro, which is a disad-
vantage compared with immortalised cells [24]. However, primary human skin fibroblasts
can retain characteristics identical to cells of intact tissue over several passages. Primary fi-
broblasts are better suited to closely mimicking real-life processes and conditions, including
cell migration and regeneration. We used a fibroblast culture that resembled intact tissue
human fibroblasts regarding their morphological features and proliferation rate (Figure 3a).
The fibroblasts without transduction (Figure 3p) and with GFP transduction (Figure 3q) are
shown on a culture plate (imaging by Incucyte S3, Sartorius, Germany).
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Figure 3. (a) SEM images of the morphology of the primary fibroblasts on mat B, cultured for 7 days.
(b) Cell numbers on different mats through DL (2-SE; p values established by Freedman comparison).
(c) Cell area per mat under SEM (SD). (d) Number of AAV-transduced GFP and ND4 cells through
DL (2-SE; p values established by Freedman comparison). (e) Cell area per transduced cell on mat
B under SEM (SD). (f) Cell viability (Kolmogorov test). (g—j) Cell nucleus area on the culture plate,
mat B, transduced GFP, and ND4 (from left to right, with mean difference from Tukey comparison
(red = significant)). (k-o0) Cell nucleus area on the culture plate and mats A, B, C, and D (from left to
right, with mean difference from Tukey comparison (red = significant)). (p) Cells without transduction
(1-5 days). (q) Transduced cells (1-5 days). All parameters showed statistical significance (p < 0.05).
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Nonwoven materials facilitate cell attachment and cell division and guide cell migra-
tion and differentiation, providing the necessary conditions for tissue engineering [25]. As
previously found, the AAV6 serotype effectively transduces primary cell cultures, includ-
ing fibroblasts and keratinocytes [26]. The experiments were carried out in several stages:
assessment of cell proliferation and migration on nonwoven materials, selection of the best
nonwoven material according to these parameters, and transduction of cells with AAV-GPP
or AAV-ND4 to assess migration and proliferation on the selected nonwoven substrate.
Analysis of the cell morphology is of particular interest, since changes in cell shape can be
a sign of a change in the fibroblast phenotype (Figure 3a). We observed that on the fourth
day of the experiment, on all mats, the cells acquired a spindle-shaped appearance and
multidirectional filopodia.

On the electrospun mats, the proliferative activity of the primary fibroblasts was
assessed on days 1, 4, and 7 of the experiments by measuring the stained cell nuclei using
ML from the LSCM images. According to the preliminary experiments, cell proliferation
depended on the size of the mat fibres. Mats B and C had the same fibre diameter, and
their cell activity was also quite similar. Mat A showed the most favorable dynamics of
proliferative activity and the largest fibre diameter.

Fibroblasts were cultured for seven days to evaluate cell growth on the electrospun
mats. After static seeding on the first day, the cells were attached well to both the mat and
the culture dish. However, cell growth was higher on all mats except mat D compared with
the culture dish (Figure 3b). The primary human skin fibroblasts grew well on mats A, B,
and C, while on mats B and C, they demonstrated the highest rates of proliferation (see
Figure 3c). During long-term cultivation, fibroblasts were distributed over the surface of the
mat and infiltrated them. On the seventh day of cultivation, the surface of the nonwoven
material was completely covered with primary human fibroblasts.

The AAV-transduced cells on mat B had similar levels of proliferative activity, as
shown in (Figure 3g) and (Figure 3k). The number of transduced cells on mat B increased
linearly in all groups (Figure 3d). However, AAV transduction had toxic effects on the cells.
On day 7, the cells transduced with AAV-GFP showed a decrease in their proliferation
rate, possibly due to the cellular toxicity of AAV or due to the negative effects of GFP, as
previously shown [27]. In contrast, the transduction by AVV containing ND4 resulted in
a proliferation rate that was comparable to the wild-type cells on the cultural plate. This
implies a potential positive effect of ND4 expression on cellular function. According to SEM
analysis, on mat B, there were no significant differences in nuclear area variance between
the GFP-transduced cells and ND4-transduced cells. On day 7, multiple filopodia running
in different directions were observed in all groups.

Cytotoxicity assessment of the electrospun mats (see Figure 3f) showed no significant
variation in human skin fibroblast viability when comparing individual mats with the
culture plastic. In terms of the number of living cells per nanofibre mat and viability, mat B
showed the most satisfactory results. There was no significant difference in the number of
live cells between mat B and the control samples. However, the total cell count showed
significantly different pairs in the B-GFP and B-ND4 cases according to one-way ANOVA.

The aim of our study was to test whether the area of the nuclei could be used to
estimate cell migration through fibrillar surfaces into the nonwoven volume. We also
analysed the effects of cell transduction on cell behaviour on the mats. Of significant interest
is the study of the topography of substrates for cultivation and its influence on variations
in nuclear morphology and the rates of cell proliferation and differentiation [28]. The
morphology of the stress fibres of the cytoskeleton plays a crucial role in the deformation
and division of the cell nucleus. This phenomenon is directly intertwined with the cellular
mechanotransduction signaling and gene regulatory mechanism during cell interaction
with the microenvironment [29]. Fibroblast reprogramming can be enhanced using specific
cues from the three-dimensional substrate [30]. We found that the area and morphology of
the nuclei on the surface and within the nonwoven substrate could fluctuate [31].
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Each graph showed a minimum of 15,000 nuclei distributed log-normally. The changes
in cell volume and nuclei morphology triggered several intracellular signalling pathways [32].
The nuclei on the culture plate (Figure 3g,k) showed a consistent increase in nuclei area. By
day 7, the major-to-minor axis ratio of the nucleus should have been 2-2.5, compared with
the 1:1 ratio on day 1. The nuclear area increased, and the diameter ratio increased due to
the high proliferative activity of the cells. The different passages may explain the observed
difference in nuclear area between experiments g and k on the cultural plate. The cultured
primary fibroblasts carrying m.11778G>A on the nonwoven mats exhibited a notable de-
crease in nuclear area, as demonstrated in the experiment series (Figure 3h,m) compared
with the culture plastic (Figure 3h,k). The area of the cell nuclei decreased (Figure 31,m) on
the nonwoven A and B substrates with diameters (Figure 2a) due to the three-dimensional
topology of the mats and the hindrance of actin polymerisation. Nevertheless, the total cell
area (Figure 3c) increased, which is intriguing. Actin polymerisation promotes morpho-
logical transformations in cell proliferation during the attachment procedure [33]. Three
factors, namely the highly coiled state of the nuclei in detached cells, pressure differences
on the nuclear envelope, and mechanical effects from the cytoplasm, are responsible for the
decrease in nuclear volume or area during cell detachment [34]. The fibre topology and
morphology influence cell division and drug release. For example, in thin fibres, the release
of drugs is accelerated. We used type-B gelatin as a useful model substance to modify the
fibre surface topology. The release time of 80% of the gelatin was about 4 days.

The size of the nucleation area remained constant on nonwoven substrates C and
D (Figure 3n,0), although their shapes and diameters differed significantly from A and
B (Figure 2a). In contrast, the nuclear area of the AAV-GFP-transduced cells fluctuated.
The nuclear area decreased by day 4 and increased by day 7 compared with the cells on
mat B. The cells transduced with AAV-ND4 were expected to restore ND4 gene function,
which would return the cells to a control phenotype with normal functional activity. When
comparing the ND4-transduced cells on mat B, we found that their nuclear dynamics
were similar to those of the cells on mats C and D (Figure 3n,0). However, the presence
of young cells observed on mat B (Figure 3g) indicates that the fibre topology may also
contribute to providing a favorable spatial configuration for the cells. Nevertheless, this
does not conclusively establish a correlation between the nuclear area, substrate spatial
configuration, and cell cycle.

Despite research on various techniques and biological applications of nonwoven
polymer composites, only a minority of scientists have investigated lateral cell migration
on non-native structures. Therefore, we propose using machine learning tools for counting
and segmenting diverse structures, as well as assessing cell migration.

3.3. Model of Cell Migration on Three-Dimensional Systems

The movement of various cell types in response to the microenvironment has been
previously addressed [35,36]. The validation IOU value aids in estimating the model’s
performance on fresh, novel data. The more the validation IOU value approximates to
one, the better the model generalises pre-existing knowledge and detects objects in new
images (Figure 4c). We generated a summary image of the dataset layer by layer, with a
step of 7 um for each mat in the z direction (Figure 4d). Each layer was divided into blocks
of multiples of 1024 x 1024 pixels to count the nuclei of the primary fibroblasts. Objects
detected in focus were entered into a CSV file. Morphological transformations were applied
to each image layer to segment the nuclei into relevant metrics (Figure 4f). The SSIM metric
was used to compare each nucleus. Only the fibroblast nucleus in focus was assigned to a
specific layer (Figure 4e), and it was not counted in subsequent layers. The fibroblast nuclei
that were found were encircled with different colours for visualisation (Figure 4b).
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Figure 4. (a) Laser-scanning confocal image. (b) Part of validation image U-net + aMT. (c) IOU score.
(d) Scanning in z direction on mat holder. (e) SSIM per layer. (f) Metrics for nuclei. (g) Cell count per
layer and conversion plot.

As mentioned above, we could procure the coordinates of nuclei and their correspond-
ing measurements for each layer (Figure 4f) by analysing the test images (Figure 4e, from
bottom to top). The results indicate a detection of five nuclei in six test images. This ratio of
cell numbers in each layer provides reliable insight into the behaviour of the chosen culture
on the nonwoven substrate.

The data are displayed on a graph with a y axis (C;/Csumm) and x axis (z). C,
represents the number of cells per layer, and Csuymm represents the total number of cells
in the material (refer to Figure 4g, left). Conversion curves are frequently employed to
illustrate the kinetics of n-order model processes in the DSC technique applied at different
heating rates [37,38]. The conversion value (x) indicates the fraction of cells in the material
layer in this scenario. It corresponds to the red curve in the test data (Figure 4g, right). The
cells will settle on the mat holder’s upper layers of the nonwoven substrate. Ideally, the
conversion curve should correspond to the yellow dotted exponential curve in (Figure 4g,
right). As the mass of cells shifts within the material under examination, the curve should
take the form of a blue dashed exponential curve. In general, the cells on the surface
remain active and do not disappear from observation if the nonwoven material is spatially
positioned in a suitable configuration. In the case of electrospun materials, the free volume
fraction typically ranges from 23 to 93%, which correlates with Feigenbaum'’s second
constant per layer [39-41]. As a result, the cell mass conversion curve assumes a Hill
function form, as indicated by the grey dashed curve on the right-hand side of Figure 4g.

Nonwoven materials have characteristics similar to the skin frame in terms of fibre
diameter and the presence of free volume for migration and cell colonisation [42]. Figure 5a
(i=A,ii =B,iii = C, and iv = D) provides the cell counts for each layer of nonwoven
materials of varying compositions. The primary fibroblasts migrated freely in the mats
along and between the fibres of compositions A, B, and C. Each data point was generated
from three independent prepared samples. On day 7, there was an increase in the number
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of cells in the upper layers of material D. This observation of the cell dynamics is significant
for further justification of the approach.
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Figure 5. (a) Number of cells in each layer per mat. (b) Conversion curves of cells per mat. (c) Cell
migration plot per mat. (d) Plot of transduced cell migration on mat B.

The number of cells for each composition and diameter distribution increased expo-
nentially, as shown in the graphs for day 1. These conversion curves (Figure 5b, where
i=A,ii =B, iii = C, and iv = D) illustrate this information clearly. As the cell mass increased
in the deeper layers, the curve took on the shape of a hill. Based on the proliferative activity
plot (Figure 3b,d), this indicates the rate of cell division in a specific microenvironment.
The rate was assessed from the repopulation time to day 1 (t;), from day 1 to day 4 (t,), and
from day 4 to day 7 (t3). To establish the value on the x axis (z) for each day’s conversion
curve, with 10% « increments, we had to multiply it by the proliferation rate (Csumm/tq)
for each location. We plotted the curve on the axes of (x/ 72) X (Csumm/tq) (), performed
a linear fit, and determined the tangent of the slope (1/ 7%) X (Csumm/tq) for each step.
Subsequently, we plotted the obtained curves for the mats of all compositions (Figure 5c).

This unusual format can demonstrate the distinct characteristics of diverse cell cultures
on nonwoven substrates, suggest a method for evaluating cell migration potential in various
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materials, and serve as a valuable tool in assessing migration potential in diverse materials.
It can be inferred from the graph that half of the cells in sample composition B accounted
for approximately 75% of the migration activity [(1/2%) X (Csumm/tq)]- The study of cell
migration on distinct nonwoven materials can be likened to the study of cells stimulated
by ND4, which can improve functional activity, migration, and homing in the presence of
nanofibres (Figure 5d). The graph demonstrates comparable migration activity between
cells with gene dysfunction and cells transduced with the ND4 transgene. The graphs
demonstrate how cells behave on a nonwoven material for gene transfer efficacy. This
includes their proliferation activity per day, which is dependent on the cell density and is
based on a significant amount of data.

A study using a CNN found differences between the cellular dynamics of the ND4 and
GFP transduced cells. Restoring ND4 expression normalises cell mitochondrial function,
which restores the cell distribution, becoming similar to that of wild-type cells. In addition,
these studies will allow us to study the effect of AAV-mediated transduction and transgene
expression on cell division, cell viability, and the study of the cellular immune response,
differentiation, and functional activity [43,44].

4. Conclusions
4.1. Fibroblast Mechanobiology

Our findings enhance the comprehension of fibroblast mechanobiology. Furthermore,
our deep learning-based migration evaluation method has the potential to forecast and
regulate cell-substrate interactions, which are extensively utilised in the regenerative
medicine and tissue engineering fields. CNNs have surpassed human accuracy in image
classification. It is believed that CNNs will greatly impact research on feature and pattern
detection in tissue repair tasks.

Numerous rare skin diseases require approbation of therapies on biomimetic systems.
In order to achieve optimal therapeutic outcomes, topical gels with different drug delivery
methods and substrates coated with autologous or allogeneic cells should take into account
the microenvironmental behaviour under different external factors. The article presents a
method of evaluating cell migration and cell homing potential, specifically with primary
fibroblasts as an example. One approach to assessing cell behaviour involves analysing the
nucleus area with a sufficiently large dataset to achieve statistical significance. Studying
the behaviour of biological systems in artificial environments could aid researchers in
developing multidimensional systems to replace various tissues and organs.

4.2. Conclusion and Future Perspectives

In the future, this research will be repeated on fibroblasts with diverse mutations,
as well as animal fibroblasts. We will scrutinise the consequences of distinct transgene
expressions on cell phenotypic traits simultaneously. Thus, further research can provide
valuable insights for improving corrective techniques and implementing advanced CNN
methodologies to treat orphan diseases.
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Abstract: Polylactic acid (PLA) is a versatile and sustainable polymer used in various applications.
This research explores the use of orotic acid (OA) and ethylene bis-stearamide (EBS) as nucleating
agents to enhance the quiescent crystallization of PLA within the temperature range of 80 °C to
140 °C. Different blends were produced via melt processing before analyzing via DSC, XRD, and SEM.
Our results show that both nucleating agents significantly accelerated the crystallization process
and reduced the incubation time and the crystallization half-time. The most promising results were
obtained with 1% EBS at 110 °C, achieving the fastest crystallization. The XRD analysis showed
that at 80 °C, the disordered ophase predominated, while more stable « phases formed at 110 °C
and 140 °C. Combining the 1% nucleating agent and 110 °C promotes densely packed crystalline
lamellae. The nucleated PLA exhibited a well-organized spherulitic morphology in agreement
with the Avrami modeling of DSC data. Higher nucleating agent concentrations yielded smaller,
more evenly distributed crystalline domains. Utilizing OA or EBS in PLA processing could offer
enhanced properties, improved processability, and cost-efficiency, making PLA more competitive in
various applications.

Keywords: polylactic acid (PLA); organic nucleating agent; crystallization behavior; quiescent
conditions; differential scanning calorimetry

1. Introduction

Biobased polymer materials have gained increased attention during the last decade
with various applications, including medical devices, rigid packaging, and agriculture.
Biobased materials are derived from renewable resources such as plants, agricultural
residues, and algae. Unlike fossil-based materials, the production and decomposition of
biobased materials generally result in lower net greenhouse gas emissions [1-3]. Biobased
materials often have lower levels of toxic additives and chemicals than their conventional
counterparts. This reduces the pollution and health risks associated with manufacturing,
use, and disposal. Additionally, some biobased materials can be part of circular economies,
where products are designed for reuse, recycling, or composting. This minimizes waste and
extends the lifespan of materials, contributing to a more sustainable consumption pattern.
Among these materials, polylactic acid (PLA) is the most promising.

PLA is a biobased and biodegradable material from renewable resources such as starch
and wheat. PLA refers to a family of materials that share slightly different characteristics.
PLA has two stereoisomers, namely the L-lactic and the D-lactic acid. The three forms of
PLA that are commercially available include the following: pure L-lactide, pure D-lactide,
and a mix of L and D-lactide (meso-lactides). Relatively pure L-feed and D-feed PLA are
referred to as PLLA and PDLA, respectively [4]. Typical commercial grade PLA with high
crystallinity contains a majority of L-feed mixed with a minimum of 1-2% D-feed content,
whereas the amorphous grades may contain up to 20% D-feed.
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A significant drawback limiting PLA applications is the slow and uncontrollable
crystallization kinetics. Indeed, high and controlled crystallization in the final product
can significantly impact the mechanical behavior of this product. Harris et al. showed
that PLA with 20% crystallinity could achieve 20% higher flexural modulus than the
same amorphous PLA. As the crystallinity further increased to 40%, the flexural modulus
increased by another 25% [5].

Four crystalline forms of PLA can be developed in PLA depending on the composition
and crystallization conditions. PLA’s most common crystalline structure is o form [6,7],
which crystallizes from the melt or solvents under quiescent conditions. The disordered o
form, known as the o crystal, is formed from a melt or solvent but at a lower temperature
(<120 °C) [8-10]. The P form is usually formed under high shear forces and tempera-
tures [11,12]. The vy crystal is mainly obtained from the hexamethylbenzene substrate
via epitaxial growth and is rarely observed in other conditions [13]. Recently, a unique
crystal form, the stereocomplex crystal (SC-crystal), received significant attention. The
melting point of SC-crystal is 230 °C, which is 50-70 °C higher than the other PLA crystal
forms [13,14]. Recent research by Han et al. and Ma et al. shows that the formation of SC
crystals is an effective method to enhance the physical and mechanical properties of PLA
products [15,16].

The crystallinity of PLA can be enhanced by employing methods such as isothermal
annealing [17-21], polymer blending [4,22-26], and strain-induced crystallization during
processing [27-35]. Isothermal annealing at temperatures of 85-115 °C for an extended
time has been reported to initiate and develop the crystalline domains for injection-molded
amorphous PLA samples [21,28].

Nucleating agents have been used to increase the nuclei density and crystallization rate.
Mineral-based inorganic nucleating agents have been used to enhance the crystallization
behaviors of PLA. It was demonstrated that the nucleation density of PLA can be increased
by 600% with the addition of 6% talc [36]. Carbon nanotubes (CNTs) were also identified
as efficient nucleating agents to promote the crystallization behaviors of PLA. Through
polymer grafting, 5-10 wt.% PLA-g-CNT can increase the degree of crystallinity of PLA by
12-14% and reduce the half-crystallization time (t; /;) from 4.2 min to 1.9 min [37-39].

Compared to inorganic nucleating agents, the focus on organic nucleating agents
has increased more recently. Many organic additives are derived from renewable sources
and are more likely to be biodegradable than inorganic ones. Organic additives can also
enhance the biocompatibility of PLA products. Qiu et al. observed that the crystallization
density of PLLA increased by >200% by adding 0.3 wt.% of orotic acid (OA) [40]. Gao et al.
observed that 1 wt.% of OA can reduce the crystallization time of PLA from 80 min to
<5 min and reduce the energy barrier required for crystallization from 90 °C to 70 °C during
the injection molding process [41].

EBS (ethylene bis-stearamide) is a synthetic wax-like compound commonly used
as a processing aid and lubricant in various industries. It is derived from the reaction
of ethylenediamine with two molecules of stearic acid, resulting in a long-chain amide
compound. However, EBS has not been widely recognized as nucleating agents for PLA and
other biopolymers [42,43]. Harris et al. reported that 2% of EBS increased the crystallization
of PLA3001D from NatureWorks to 18% compared to 10% for neat PLA. In total, 2% of EBS
was also reported to decrease the annealing time required by 50% for PLA3001D to reach
40% crystallinity [5]. Limited research has focused on the effect of different concentrations of
organic nucleating agents. Moreover, studies used different polymer processing techniques,
which can affect crystallization through shear and are, thus, not directly comparable.

In this research, the efficiency of two organic nucleating agents, orotic acid (OA) and
ethylene bis-stearamide (EBS), are investigated using differential scanning calorimetry
(DSC) isotherm studies at different isotherm temperatures. The objective of this work is
the analysis of crystallization dynamics and the morphology obtained under quiescent
conditions (i.e., without the introduction of any shear effects). A pure commercial-grade
PLA was selected for this research. The degree of crystallinity, crystallization rate, and
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incubation time are investigated on neat PLA, the PLA-OA blend, and the PLA-EBS blend
with different concentration levels. The phases and morphology of the crystalline structures
obtained in the PLA samples were examined using X-ray diffraction and directly observed
via scanning electron microscope (SEM).

2. Materials and Methods
2.1. Material Selection

A PLA crystallization investigation was conducted using Ingeo 2500HP obtained from
NatureWorks LLC (Plymouth, MN, USA). The extrusion grade of PLA contains PLLA
blended with <2% PDLA and can be fabricated into semi-crystalline samples. The material,
provided in pellet form, was dried at 40 °C for 12h before any characterization. Table 1
summarizes the main properties of the commercial PLA.

Table 1. Main PLA properties. (* molded crystalline with a 120 °C mold temperature; the formula
included 1 wt% of the nucleating agent (LAK-301, Takemoto Oil & Fat, Gamagori-shi Japan)).

Properties Ingeo 2500HP ASTM Standard
Specific gravity 1.24 D792 [44]
MEFR, g/10 min (210 °C, 2.16 kg) 8 D1238 [45]
Relative viscosity (in 1.0 g/dL chloroform, 30 °C) 4.0 D5225 [46]
Highest crystallization melting point *, °C 160-180 D3418 [47]

Two nucleating agents were considered to promote crystallization as follows: (1) 97%
anhydrous orotic acid (OA) from MilliporeSigma (Burlington, MA, USA), and (2) N,N"-
ethylene bis stearamide (EBS) from Acme-Hardesty Co. (Blue Bell, PA, USA). Both nucleating
agents were received as white powders and dried separately at 100 °C for 2h. The nucleating
agents were mixed with the PLA according to the concentrations shown in Table 2. The batch
names indicate the selected nucleating agent and the weight concentration.

Table 2. Definition of different batch samples for the experimental investigation.

Batch Name Nucleating Agent Concentration (wt.%)
Neat PLA N/A N/A

PLA-0.30A Orotic acid 0.3
PLA-10A Orotic acid 1
PLA-20A Orotic acid 2

PLA-0.3EBS EBS 0.3
PLA-1EBS EBS 1
PLA-2EBS EBS 2

2.2. Sample Preparation

The neat PLA was compounded with additives and then quiescently crystallized into
the samples. These samples were directly characterized by their crystallization kinetics and
morphology. The cryo-fracturing technique and chemical etching were used to create a
fractured surface for the direct observation of crystalline structures. Details about each step
of the sample preparation procedure are introduced below.

2.2.1. Compounding

The PLA and nucleating agents were mixed using a static batch mixer (C.W. Brabender
Intelli-Torque Plasti-corder, C.W. Brabender Inc., South Hackensack, NJ, USA). For each
batch (cf. Table 3), 50 g of neat PLA and a specific amount of the nucleating agent were
dry-mixed and then fed into the mixing chamber. A flat temperature profile of 200 °C was
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used. Each sample was processed at a rotational speed of 100 rpm for 5 min after stabilizing
the mixing torque to ensure uniform mixing. The mixed samples were collected and stored
in sealed bags at the end of the run. In between runs, a purging compound (Dyna-purge
D2, Dyna-purge, Buffalo, NY, USA) was used to clean the mixing chamber.

Table 3. Degree of crystallinity of PLA samples measured from the DSC isotherm.

Degree of Crystallinity (%)

PLA Batch Isotherm Temperature
80°C 110 °C 140 °C

Neat PLA 2.5 50.5 9.1
PLA-0.30A 7.9 43.0 62.2
PLA-10A 14.7 36.4 51.6
PLA-20A 35.5 374 53.2
PLA-0.3EBS 7.8 412 3.9
PLA-1EBS 8.8 40.4 44.6
PLA-2EBS 6.9 41.4 55.3

2.2.2. Quiescent Crystallization

The compounded samples were shaped into disks under quiescent isothermal condi-
tions to allow morphological characterization. The samples were cut into smaller pieces
(~10 g) and then arranged in aluminum pans (diameter 70 mm, height 10 mm) to avoid any
shear effect on the material. The samples were placed between two hot plates (4394, Carver
Compression Molder, Carver, Inc., Wabash, IN, USA), and the temperature was initially
stabilized at 220 °C. No pressure was applied. After 60 min, water cooling was used to cool
the samples to an isotherm temperature value, which kept below the crystallization point.
Three different isotherm temperatures (i.e., 80 °C, 110 °C, and 140 °C) were investigated.
The isotherm time was selected to be 60 min to ensure sufficient crystallization. Overall, a
total of 21 disk-shaped samples were fabricated and further prepared for characterization.

2.2.3. Sample Etching Procedure

The samples were cryo-fractured to create a flat cross-sectional area to allow the
observation of crystal morphology. Each sample was first notched (depth: 1-2 mm) using a
bench saw, then kept in a freezer at —20 °C for more than two hours before cracking using
pliers. The fractured samples were then chemically etched to expose the crystal structures
according to the following procedure:

e Intotal, 5 g of sodium hydroxide (NaOH), purchased from Sigma-Aldrich (Millipore
Sigma, Saint Louis, MO, USA), was dissolved in 250 mL of water to achieve a 0.5 mol/L
concentration. Twenty-one clean glass bottles with lids were prepared to etch and
hold the PLA samples. The liquid prepared was distributed into 21 bottles.

e  [Etching: the 21 PLA samples prepared with quiescent crystallization were immersed
individually into the solution in glass bottles for 12 h.

e Cleaning: After etching, samples were kept in the bottles for 20 min at 25 °C in
an ultrasonic bath (Branson CPX 2800H, Brookfield, CT, USA) to remove residual
particles. After cleaning, the samples were removed from the etching solvent and
dried with compressed air. The samples were then kept in sealed bags individually
for further characterization.

2.3. Characterization Techniques
2.3.1. Isothermal Differential Scanning Calorimetry

Differential scanning calorimetry (DSC, 3+ system, Mettler Toledo, Columbus, OH,
USA) was used to gain a fundamental understanding of the phase transitions and the
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melting behavior of the different samples. Fresh samples weighing 5.0-8.0 mg were
prepared from the edges of the disk-shaped samples for each DSC run at all isotherm
temperatures. Of particular interest was the effect of different concentrations of nucleating
agents on the crystallization of PLA. A DSC isothermal test protocol (cf. Figure 1) was
defined according to the following steps:

e Segment 1: Heat the sample from 25 °C to 240 °C at 20 °C/min, followed by an
isotherm at 240 °C for 3 min. This segment was intended to melt and remove all
thermal history of the pellets. The 3 min isotherm ensured the complete melting of
the sample.

e  Segment 2: Cool the sample rapidly using the maximum cooling rate at 60 °C/min
to various isothermal temperatures (80 °C, 110 °C, and 140 °C). This segment is
intended to quench the PLA polymer melt to the designed isotherm temperature using
the maximum cooling rate, thus minimizing the crystallization behavior during the
cooling period.

e Segment 3: The abovementioned isotherm temperatures are held for 60 min. This
segment was intended to capture the crystallization process of PLA even with low
concentrations of additives and at low temperatures. The 60 min holding time ensures
no additional crystallization at the current temperatures and concentrations.

e Segment 4: Heat the sample at 10 °C/min to 240 °C. The degree of crystallinity
achieved from the isotherm was quantified from the melting peak observed during this
heating segment. The degree of crystallinity (Xc) was calculated using the following:

AH,, — AH.
AH)y
where AH,, is the melting enthalpy [J/g], AH. is the cold crystallization enthalpy [J/g],

and AH ) is the melting enthalpy of a PLA crystal of infinite size. The latter was assumed
to be 93 J /g, as obtained from the literature [48].

Xc = x 100 (1)
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Figure 1. DSC procedure for the characterization of isotherm crystallization.

All DSC experiments were conducted on the PLA-OA, and PLA-EBS compounded
using the static batch mixer. Different samples obtained from each batch were tested
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using preliminary DSC tests with only one heating cycle from 20 to 240 °C, and each
batch presented similar melting points and melting peaks, hence suggesting homogeneous
mixing. The isotherm DSC experiments were conducted for each batch without replication.

The kinetics of the crystallization process, observed from the DSC experiments, were
quantified using the following Avrami equation:

ve =1—exp[—K(1)"] 2)

where v, is the volumetric fraction of the converted phase at time ¢; K is the crystallization
rate constant; and 7 is the Avrami index. However, the Avrami equation only describes
the crystallization process after it has been initiated and does not account for the incu-
bation time. The incubation time highly depends on the temperature and the polymer
material [49-51]. In this work, the effect of the incubation time on PLA crystallization was
quantified using the time derivative of the modified Avrami equation [41]:

é—? = AH-K-exp[—K(t — to)"]-n-(t — to)" 3)
where dd—? is the heat flow obtained from the DSC isotherm test, AH, is the enthalpy of
crystallization per unit mass, K is the crystallization rate constant, f is the incubation time,
and n is the Avrami index for isotherm crystallization.

2.3.2. X-ray Diffractometry

The crystalline phase morphology and the distance between adjacent crystal planes
were characterized via X-ray diffractometry (XRD, Rigaku SmartLab II, Rigaku USA, The
Woodlands, TX, USA). The XRD experiments were performed using Bragg—Brentano
geometry (Cu-Ko source, 1.54184 A, 40 kV, 50 mA). A step scan protocol with a step
size of 20 = 0.002° and a scanning speed of 20 = 5.0°/min was defined. An area of the
5 mm x 5 mm section at the center of each sample was scanned. The Cu-Ka2 signal was
removed from the raw signal numerically and corrected for any shift in the diffraction
angle. A Pearson VII peak function was utilized to fit the peaks and extract quantitative
peak data, such as the peak center, full width at half maximum (FWHM), etc. [52].

<x—d>2] o

1+ 2

flx)=a (4)

where g is the maximum height of the peak, d is the peak’s center, b is proportional to the
full width at half-maximum (FWHM), and m is the shape factor. When the exponent m =1,
the shape becomes Cauchy; m = 2, modified Lorentzian; m = co, Gaussian [53].

The distance between adjacent crystal planes was calculated using Bragg’s Law:

nA = 2d sin(0) ®)

where 7 is an integer representing the order of the diffraction peak, A is the wavelength
of the incident radiation, d is the lattice distance spacing between adjacent crystal planes,
also known as d-spacing, and 6 is the angle between the incident X-ray beam and the
crystal plane.

2.3.3. Scanning Electron Microscopy

The morphology of the PLA samples was characterized using scanning electron
microscopy (SEM, JEOL JSM 6390, JEOL USA, Inc., Peabody, MA, USA). Before imaging,
the etched samples were sputter-coated (Denton Vacuum Desk IV Sputter Coater, Denton
North America, Moorestown, NJ, USA) using gold with a 3-4 nanometer thickness. An
acceleration voltage of 10 kV and a working distance of 15 mm was selected for all SEM
experiments. For each sample, multiple spots were scanned to ensure consistency. For
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each spot, micrographs were taken at 750 x, 1500, and 3000 x magnifications to capture
different levels of detail on the crystalline domains. The micrographs were used to observe
crystal structures on fractured surfaces. The crystalline domain sizes were measured on
the 750x and 1500 x micrographs using the image processing software Image]J (National
Institute of Health, Bethesda, MD, USA).

3. Results and Discussion
3.1. Thermodynamics of Crystallization
Degree of Crystallinity
The results for the degree of crystallization, calculated from Segment 4 in the isotherm

DSC, for the different samples are summarized in Table 3. The second heating behaviors
for PLA-OA and PLA-EBS blends are presented in Figure 2.
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Figure 2. DSC curve for PLA-OA and PLA-EBS samples; the curves show the second heating process
(a) neat PLA and PLA-OA blends, and (b) neat PLA and PLA-EBS blends. Detailed plots for PLA-OA
and PLA-EBS can be found in Figures S1 and S2 in the Supplementary Materials.

At 80 °C, the isotherm temperature is below the optimal crystallization temperature for
the selected PLA grade (i.e., 103-140 °C) [41]. However, it can be observed that with the aid
of OA, the degree of crystallization increased from 7.9% to 35.5% as the concentration of the
nucleating agent increased from 0.3% to 2%. This indicates that the degree of crystallinity
of PLA is highly affected by the concentration of OA, even at the isotherm temperature
below the optimal range. For PLA-EBS blends, the nucleating agent concentration seemed
to have a smaller effect on the degree of crystallinity at 80 °C (i.e., maintained at 6.9-8.8%).

When the isotherm temperature increased to 110 °C, the degree of crystallinity in-
creased significantly for both OA and EBS blends compared to the degree of crystallinity
achieved at 80°C. A further increase to 140 °C resulted in a higher degree of crystallinity.
However, an exception was observed for the PLA-0.3EBS at 140 °C, for which the degree of
crystallinity decreased significantly to 4.6%.

Figure 3 presents the effect of the isotherm temperature and concentration of the
nucleating agent on the degree of crystallinity. For OA blends, the degree of crystallinity
followed an increasing trend as the isotherm temperature increased from 80 °C to 140 °C,
and the concentration affected the 80 °C samples significantly. The degree of crystallinity
increased as the concentration increased. However, for EBS blends, a low nucleating agent
concentration negatively affected the samples prepared at higher isotherm temperatures.
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Figure 3. Effect of isotherm temperature and concentration on degree of crystallinity.

The neat PLA offered the highest degree of crystallinity (i.e., 50.5%) at 110 °C. At the
same temperature, EBS and OA blends could not reach the same degree of crystallinity.
In fact, nucleating agents enhanced the polymer’s crystallization kinetics and promoted
the formation of smaller and more numerous crystalline structures, which could result in
more amorphous appearances due to a lack of growth of crystalline domains [21]. How-
ever, at lower temperatures (i.e., 80 °C), the degree of crystallinity increased from 6.5% for
neat PLA to a maximum of 35.5% for PLA-20A. Overall, the nucleating agents expanded
the processing window for the PLA, which has relevant implications for manufacturing.
Indeed, the ability to increase the crystallization at lower temperatures significantly fa-
cilitates processing by allowing the use of a water-heating system. Moreover, the energy
consumption used for heating is reduced.

When comparing batches, the melt temperature of the PLA-EBS samples showed a
~4 °C decrease compared to the PLA-OA ones at the same isothermal temperatures. The
change in melt temperature was minimal but might affect the crystalline morphology and
adhesion between crystalline structures. It was also observed that at 80 °C, all DSC curves
showed a unique endothermic peak at ~160 °C. For all PLA-OA blends, the intensity of
this exothermic peak remained similar. However, for the PLA-EBS samples, the intensity
decreased as the concentration increased from 0.3% to 2%. The same endothermic behavior
was observed by other researchers [22,54,55] and could be related to the melting of «’
PLA crystals. In general, &’ crystals are a less stable form of crystalline PLA. They have
a less ordered and less dense molecular arrangement than o crystals. o crystals have a
lower melting temperature and mechanical strength than the o form. These crystals are
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formed when PLA chains have less packing density and exhibit some chain dislocations or
imperfections. The non-ideal crystallization temperature, low cooling rate, and the absence
of nucleating agents promote the formation of o crystals. The melting of o’ crystals is also
observed in all DSC curves, represented by the endothermic peak in the 142-155 °C range.
When the DSC scanning temperature surpasses their melting temperature, the o’ crystals
start to dissolve or transform into the more stable « phase, represented by the exothermic
peaks observed at ~160 °C. The absence of this unique exothermic peak indicates that there
is no o crystal existing at 160 °C that can be transformed into a-phase crystals. All &’
crystals formed during the isothermal segment were melted at 142-155 °C. The subsequent
XRD experiments further investigated the formation of ’ crystals and o crystals.

The crystallization kinetics were calculated according to the exothermic peaks in
Segment 3 (cf. Figure 1). The heat flow values were baseline corrected using a tangential
baseline before being treated, and Equation (3) was fitted to obtain the crystallization rate,
the Avrami index, and the incubation time. The relative degree of crystallization values
was obtained from integrating the heat flow data. The crystallization kinetics for PLA-OA
and PLA-EBS blends are summarized in Table 4.

Table 4. Crystallization kinetics of PLA-OA and PLA-EBS blends. Detailed plots can be found in
Figures S3-56 in the Supplementary Materials.

Isotherm Crystallization Rate Incubation Time

Blends Temperature (°C) (/min-") Avrami Index (min) ty/> (min)
Neat PLA 80 0.0001 4 2.92 x 10~° 1.0+£12x107% 5.86+22 x 1074 34.2
Neat PLA 110 0.0012 4+ 4.13 x 10~% 3.3 4 0.02 0.5+ 0.02 2.14
Neat PLA 140 0.002 4+ 1.63 x 10~* 1.2 4 0.002 0.32 + 0.07 3.9

PLA-0.30A 80 3.6 x 1074 4£3.7 x 107 2.0 +£0.03 1.6+02 23.6
PLA-10A 80 0.0029 4+ 3.4 x 10~ 1.9 + 0.004 1.4 +0.03 19.2
PLA-20A 80 0.00814 + 6.5 x 107° 1.7 £ 0.003 0.8 +0.01 16.9

PLA-0.30A 110 1.149 £ 0.015 1.7 +0.02 0.8 + 0.008 1.61
PLA-10A 110 1.099 =+ 0.029 1.8 +0.05 0.4 +0.01 1.45
PLA-20A 110 1.482 + 0.026 2.2 4 0.04 0.1+ 0.01 1.4

PLA-0.30A 140 0.152 4 0.006 2.2 +0.03 2.1+0.02 46
PLA-10A 140 0.179 + 0.007 2.0 +0.03 2.1+0.02 4.2
PLA-20A 140 0.211 £ 0.017 2.3 4 0.06 1.8 £0.04 3.7

PLA-0.3EBS 80 87 x107%£1.1x 107> 27403 1.6+0.2 17.8
PLA-1EBS 80 0.0084 4 7.7 x 10™* 1.7 £0.01 12401 21.3
PLA-2EBS 80 0.0047 + 0.0024 20+0.1 1.040.1 17.3

PLA-0.3EBS 110 1.285 + 0.018 2.4 4 0.02 0.2 4 0.01 1.1
PLA-1EBS 110 2.190 = 0.059 21+0.1 0.2 4 0.02 0.9
PLA-2EBS 110 1.294 + 0.129 24401 0.2 +0.05 1.4

PLA-0.3EBS 140 0.050 + 3.45 x 10~* 21402 1.6 = 0.02 6.7
PLA-1EBS 140 0.017 4 0.004 1.9 +0.02 1.6 + 0.02 11.15
PLA-2EBS 140 0.193 £ 0.001 1.8 + 0.01 1.6 + 0.01 42

The crystallization peaks for both PLA-OA and PLA-EBS blends indicated that the
crystallization behavior is more intense at 110 °C than at 80 °C and 140 °C. For PLA-OA
blends, the initial crystallization rate was found to be the lowest at 80 °C for PLA-0.30A, and
the highest crystallization rate was 1.482 min™ at 110 °C for PLA-20A. The crystallization
rate increased by two or more orders of magnitude at 110 °C. At 110 °C, there were no
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significant thermal behaviors after ~500 s during the isotherm segment. However, the
crystallization behavior was not completed after 40 min at 80 °C. The initial crystallization
rate also increased with a higher OA concentration.

The crystallization half-time (t; /), the time a sample takes to reach 50% relative
crystallinity, provides critical crystallization information for process optimization and
predictive modeling. Indeed, it captures the effect of both initial nucleation and the growth
of crystalline domains, which occur in the later stage of crystallization behavior. It also
provides more general information about the crystallization process and is easier to obtain
than the crystallization rate (k) (cf. Equation (3)). The crystallization half-time indicated
that PLA-20A and the isotherm temperature of 110 °C provided the fastest nucleation and
growth. However, the differences between different concentrations were minimal. The
crystallization half-time changed from 1.4-1.61 min at 110 °C to 3.7-4.6 min at 140 °C.

The isotherm DSC results showed that EBS blends were characterized by a higher
degree of crystallinity, a faster initial crystallization rate, lower incubation time, and shorter
crystallization half-time. The PLA-EBS blends also showed sharper and narrower crystal-
lization peaks at 110 °C compared to 80 °C and 140 °C (cf. Figures S3 and S5 in Supplemen-
tary Materials). Unlike PLA-OA blends, the initial crystallization rates were the highest at
1% EBS at 80 °C and 110 °C, while at 140 °C, the crystallization rate was the lowest at 1%.
However, the PLA-1EBS blend showed a wider crystallization peak, indicating that crystal-
lization growth was enhanced at this condition. The degree of crystallization was 44.6% for

PLA-1EBS at 140 °C. This also confirmed that even though the initial crystallization rate
was lower, the intensity of molecular movement was significant enough for the nucleation
sites to grow into crystalline structures.

The effects of isotherm temperature and the concentration of nucleating agents on
the crystallization kinetics are shown in Figure 4. At the 110 °C isotherm temperature, the

crystallization rate was the fastest, while the incubation time and crystallization half-time
were the lowest.
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Figure 4. Effects of isotherm temperature and concentration on different crystallization kinetics,
(a) crystallization rate, (b) incubation time, and (c) crystallization half-time. The black curve indicates
the trend line for PLA-OA samples, and the red curve indicates the trend line for PLA-EBS samples.
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The Avrami index (1) provides information about the nucleation and growth mecha-
nism during crystallization. The value of n can vary, and different values suggest different
crystallization mechanisms as follows:

n = 1: Indicates that the crystallization occurs through one-dimensional growth. This
suggests that the growth of crystalline structures is linear (e.g., fibric growth, shish-kebab
structures).

n = 2: Suggests that crystallization occurs through three-dimensional growth. This
indicates that the crystalline structure growth is volumetric (e.g., disc-shaped structures,
spherulites).

n > 2: Suggests heterogeneous nucleation and/or diffusion-controlled growth mecha-
nisms.

The Avrami index for all tested samples was between 1.7 and 2.4, indicating that major
crystalline structures were either disc-shaped crystals or spherulites. This observation is
also supported by other research [30,56] and following SEM imaging analysis.

3.2. Polymorphic Analysis of Crystalline Domains

The DSC data in Figure 2 suggest the formation of both o and «’ crystals. The XRD
curves of all samples are presented in Figure 5 and can be compared with the XRD patterns
for the oc and o “phase according to standard files to further prove the phase differences.
Neat PLA samples crystallized at the same conditions were characterized as baselines for
the raw material. The peak centers of the most significant peaks (200) are summarized
in Table 5. The interplanar spacing of the crystal planes was calculated based on the
(200) peaks.
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(b) ——0.30A-80C | (0 ——0.3EBS - 80C
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Figure 5. Wide-angle XRD patterns for (a) neat PLA, (b) PLA-OA, and (c) PLA-EBS.
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Table 5. Peak centers and Basal distance spacing (d-spacing) obtained from XRD measurements of all
PLA-OA and PLA-EBS samples according to (200) peaks.

Sample Temi:)rt;fll;? ©C) 20 (°) D-Spacing (A)
Neat PLA 80 16.31 5.48
Neat PLA 110 16.34 547
Neat PLA 140 16.67 5.36

PLA-0.30A 80 16.49 543
PLA-0.30A 110 16.70 5.36
PLA-0.30A 140 16.55 541
PLA-10A 80 16.34 5.47
PLA-10A 110 16.85 5.31
PLA-10A 140 16.61 5.39
PLA-20A 80 16.45 5.44
PLA-20A 110 16.63 5.38
PLA-20A 140 16.72 5.35
PLA-0.3EBS 80 16.47 543
PLA-0.3EBS 110 16.69 5.36
PLA-0.3EBS 140 16.70 5.36
PLA-1EBS 80 16.46 543
PLA-1EBS 110 16.86 5.31
PLA-1EBS 140 16.64 5.38
PLA-2EBS 80 16.55 541
PLA-2EBS 110 16.61 5.39
PLA-2EBS 140 16.57 5.40

The peak positions were compared using the JCPDS standards for « (JCPDS#00-064-
1624) and o “phases (JCPDS#00-064-1624). The (200) peak for the « phase is centered at
260 = 16.62° and 26 = 16.44° for the « ‘phase. The (200) peak positions of all samples
fabricated were between 26 = 16.34° and 26 = 16.86°. Despite the systematic errors in
the XRD measurements, the crystalline structures in all samples were a combination of
the « “phase and o phase. Lower peak positions indicated a more significant amount of
o “phase, while higher peak positions suggested more « phase. Additionally, the x phase
crystals exhibit unique peaks at the following positions: (204) peak at 26 =20.71°, (213) peak
at 20 = 23.92° and (207) peak at 20 = 27.36°. The peak center positions of the common
peaks for « and « “phases are very close and hard to separate numerically. The existence of
the o phase was determined by the (207) peak and is indicated by the red dotted lines in
Figure 6. The samples showed a significant peak at the (207) peak location, indicating the
existence of phase crystals. Otherwise, most crystal structures were « “phase if no peak was
observed at the (207) peak position. The XRD scans suggested that the « “phase was the
majority phase of the crystals in all neat PLA samples, while PLA-OA and PLA-EBS blends
were crystallized at 80 °C. This observation confirms the DSC analysis, where significant
exothermic peaks were observed at around 160 °C, representing the oc” to & phase transition
during heating.

The d-spacing data, describing the distance between adjacent crystal lattice planes
within a crystalline material, of the (200) crystals are presented in Table 5. The standard
d-spacing for the (200) crystal in the « “phase is 5.39 A, and 5.33 A in the & phase, according
to ICDD files. The lowest d-spacing values (5.31 A) were found on PLA-10A and PLA-
1EBS samples crystallized at 110 °C. The value was smaller than the ICDD standard value,
indicating that nucleating agents improved the molecular orientation compared to ICDD
conditions, thus resulting in densely packed molecular chains and crystalline structures.
Decreasing or increasing the nucleating agent concentration disrupted the well-oriented
molecular chains and led to larger d-spacing values.
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Figure 6. Effects of isotherm temperature and concentration on Basal distance spacing. The black
curve indicates the trend line for PLA-OA samples, and the red curve indicates the trend line for
PLA-EBS samples.

The isotherm temperature mostly dominated the d-spacing values. Figure 6 presents
the effect of the isotherm temperature and concentration on the d-spacing of crystalline
domains. This trend showed the smallest d-spacing values at a 110 °C isotherm temperature
with 1% of nucleating agents adopted. This indicated that at 110 °C and a 1% nucleating
agent concentration, the distance between the PLA crystalline lamellae was the lowest.
Hence, the most perfect crystals were formed under this condition.

3.3. Crystallization Morphology

The crystallization morphology was characterized using SEM images taken from the
same conditions. Table 6 summarizes the SEM images obtained at a magnification of 750 x.
A micrograph of neat crystallized PLA is shown in Table 7 as a reference.
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Table 6. SEM images (750 x) of PLA-OA and PLA-EBS samples.

OA 0.3% 1% 2%

80°C

10kv X750 20pm

10kV X750 20pm 10kV X750 20pm
&id 3
s &S
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10kV X750
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10kV X760  20pm 19 50 SEI
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Table 6. Cont.

10kV X750  20pm

Sat)

10kV X750  20pm 10kV X750  20pm 20 50 SEI

The radius of individual crystal structures was measured directly from the SEM
images at 750x magnification, and the results are summarized in Table 8. All crys-
talline domains showed a disc/circle shape, indicating that the crystalline structures are
spherulites/lamellae in growth. The results confirmed the Avrami index values obtained
from the isotherm DSC analysis.

Table 8. Radius of crystalline domains in PLA-OA and PLA-EBS samples.

Isotherm Temperature

80°C 110 °C 140 °C
PLA-0.30A 7.8 £1.0 um 22,6 £5.2 pm 11.7 £ 14 ym
PLA-10A 92 £ 0.6 pm 15.6 £2.4 um 7.8 £ 0.7 um
PLA-20A 8.8 £ 1.0 ym 10.8 £ 2.0 um 6.5+ 1.0 pm
PLA-0.3EBS 72+24pum 8.0 £2.0 pm 40.0 £5.2 um
PLA-1EBS 9.3 £0.5 pm 9.0 £1.5um 115+ 12 um
PLA-2EBS 10.0 £ 1.5 uym 9.0£12 um 8.0 £ 0.5 pm

Compared to neat PLA crystals (i.e., radius of 54.5 &= 2.0 um), all samples fabricated
with the nucleating agents had smaller crystalline domain sizes. Additionally, relatively
higher nucleation densities were found in all PLA-OA and PLA-EBS samples, indicating
that both OA and EBS acted as nucleating agents to provide heterogeneous nucleation
sites for PLA spherulitic growth. In all 80 °C samples, the crystalline domain density was
lower than 110 °C and 140 °C samples, and only a small amount of crystal structures could
be observed. This supported the observation of a low degree of crystalline in the 80 °C
samples. In samples crystallized at 110 °C, nucleation density and crystalline domain
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sizes were relatively high, and the interfaces between crystalline domains were observed
on the fractured surfaces. In samples crystallized at 140 °C, the mean crystalline sizes
were 6.5 = 1.0 um to 11.7 £ 1.4 um, except for the PLA-0.3EBS sample. The radius of the
crystal structure of PLA-0.3EBS was measured as 40.4 & 5.2 um, which is closer to the
value for neat PLA samples. Additionally, the nucleation density, indicated by the number
of individual crystalline domains observed in the SEM images with 750 x magnification,
was much lower than the PLA-1EBS and PLA-2EBS samples. This also supports the
low degree of crystallinity in the PLA-0.3EBS sample. The crystallization condition at
140 °C and low concentration of EBS provided a low crystallization density, and the high
crystallization temperature allowed more intense molecular movement, resulting in better
molecular alignment. The nucleation density was much higher in PLA-1EBS and PLA-2EBS
samples at 140 °C as more nucleation sites were provided. As a result, the sizes of the
individual crystalline domains were smaller since there were not enough free volumes for
the crystalline domains to grow.

Additionally, the variation in the crystal sizes was significantly lower with PLA-20A
and PLA-2EBS samples compared to PLA-0.30A and PLA-0.3EBS samples. This also
confirmed that the material achieved a state where most of the crystallites reached their
thermodynamically favored size at higher concentrations. Under such conditions, the
energy barriers for crystal growth and nucleation are balanced, leading to a distribution
of relatively similar crystallite sizes. Achieving a state of more stable crystal sizes can
improve material properties, such as mechanical strength, thermal stability, and degrada-
tion stability. Controlled crystallization processes at higher isotherm temperatures during
PLA processing can influence the crystallites’ size and arrangement, impacting the final
products’ performances.

Opverall, the nucleation domain to initialize the crystallization of neat PLA is (a) meso-
lactide and (b) SC-crystals [36,57]. Both nucleation sites are rare in neat PLA due to the high
l-lactide in polymerization for the PLA 2500HP and the high-temperature requirement for
forming sc-crystals. Orotic acid and EBS serve as nucleating agents for PLA via introducing
nucleation sites. As a result, the number density increased, and the sizes of nucleation
domains were smaller. Additionally, the hydrogen bonding between the nucleating agent
and PLA altered the chemical structures when blended [58]. This also affected the mobility
of the molecular chains and the thermodynamics of the crystallization behavior.

4. Conclusions

The experiments and analysis reported in this work suggest that both OA and EBS
can be effectively used as nucleating agents for PLA. The nucleating agents enhanced PLA
quiescent crystallization from 80 °C to 140 °C. OA and EBS significantly increased the initial
crystallization rate during quiescent isotherm annealing and reduced the incubation time
and crystallization half-time. The fastest crystallization rate and smallest crystallization
half-time were achieved in the case of blends containing 1% EBS at 110 °C.

Both nucleating agents efficiently reduced the energy barrier of nucleation by achiev-
ing high crystallinity at 80 °C, which is 40 °C lower than the recommended processing
temperature for PLA 2500HP. At 80 °C, the disordered «’phase was the primary phase in
all samples, while the more stable & phase was obtained in samples annealed at 110 °C and
140 °C. Combining the 1wt.% nucleating agent and isotherm temperature at 110 °C pro-
moted the smallest Basal distance spacing, indicating densely packed crystalline lamellae.

The well-organized and evenly distributed spherulitic morphology of the nucleated
PLA crystalline domains was observed on the cryo-fractured surfaces. The SEM micro-
graphs confirmed the calculated Avrami index values from the DSC experiments. It was
also observed that increasing the concentration of nucleating agents resulted in the forma-
tion of smaller and more evenly distributed crystalline domains.

Overall, the use of OA and EBS led to a higher degree of crystallinity at lower temper-
atures, smaller and more evenly distributed crystalline structures, a faster crystallization
rate, lower crystallization temperature, and lower crystallization half-time when compared
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to neat PLA. Hence, the blends are expected to improve the processability, reduce energy
consumption, and enhance the performance of semi-crystalline PLA products. Future
studies should consider the shear-induced effects of manufacturing conditions on the
blend morphology.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym16030320/s1, Figure S1: DSC curves for PLA-OA samples.
Curves showed melting behavior during the second heating cycle, (a) overall, (b) 80 °C, (c) 110 °C,
and (d) 140 °C; Figure S2: DSC curves for PLA-EBS samples. Curves showed melting behavior
during the second heating cycle, (a) overall, (b) 80 °C, (c) 110 °C, and (d) 140 °C; Figure S3: DSC
curves for PLA-OA samples. Curves showed heat flow data obtained during isotherm cycle, (a) 80 °C,
(b) 110 °C, and (c) 140 °C; Figure S4: Curves for relative degree of crystallinity for PLA-OA samples,
(a) overall, (b) 80 °C, (c) 110 °C, and (d) 140 °C; Figure S5: DSC curves for PLA-EBS samples. Curves
showed heat flow data obtained during isotherm cycle, (a) 80 °C, (b) 110 °C, and (c) 140 °C; Figure Sé6:
Curves for relative degree of crystallinity for PLA-EBS samples, (a) overall, (b) 80 °C, (c) 110 °C, and
(d) 140 °C.
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Abstract: Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) has gained significant attention
because of its biodegradability and sustainability. However, its expanded application in some fields
is limited by the brittleness and low melt viscoelasticity. In this work, poly(vinyl acetate) (PVAc)
was introduced into PHBH/poly(propylene carbonate) (PPC) blends via melt compounding with
the aim of obtaining a good balance of properties. Dynamic mechanical analysis results suggested
that PPC and PHBH were immiscible. PVAc was miscible with both a PHBH matrix and PPC
phase, while it showed better miscibility with PHBH than with PPC. Therefore, PVAc was selectively
localized in a PHBH matrix, reducing interfacial tension and refining dispersed phase morphology.
The crystallization rate of PHBH slowed down, and the degree of crystallinity decreased with
the introduction of PPC and PVAc. Moreover, the PVAc phase significantly improved the melt
viscoelasticity of ternary blends. The most interesting result was that the remarkable enhancement
of toughness for PHBH/PPC blends was obtained by adding PVAc without sacrificing the strength
markedly. Compared with the PHBH/PPC blend, the elongation at the break and yield strength of
the PHBH/PPC/10PVAc blend increased by 1145% and 7.9%, respectively. The combination of high
melt viscoelasticity, toughness and strength is important for the promotion of the practical application
of biological PHBH.

Keywords: biodegradable polymers; poly(3-hydroxybutyrate-co-3-hydroxyhexanoate); poly(propylene
carbonate); poly(vinyl acetate); mechanical properties; polymer blends

1. Introduction

Interest focusing on biodegradable biopolymers has exponentially increased over the
past few decades on account of the growing plastic accumulation and depletion of fossil
resources. Poly(3-hydroxyalkanoate) (PHA) is one of aliphatic bio-polyesters produced
from the microorganism fermentation of sugar or plant-based oils, which has attracted
much industrial and scientific attention due to its biodegradability, biocompatibility and
renewability of raw materials [1,2]. So far, over 150 kinds of PHAs composed of different
co-monomers have been synthesized, but only a few of them have the potential to be
produced commercially, such as polyhydroxybutyrate (PHB), poly(hydroxybutyrate-co-
hydroxyhexanoate) (PHBH) and poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV) [3].

PHBH is a thermoplastic copolymer containing two different monomers, namely the
short-chain 3-hydroxybutyrate (3HB) units and the medium-long-chain 3-hydroxyhexanoate
(3HHX) units [4]. The 3HB/3HHx copolymerization ratio can affect the physical properties
of PHBH with a range from amorphous elastomer to semicrystalline plastic. Therefore,
PHBH is expected to play a role in multiple fields, such as food packaging, disposable
plastics and agricultural mulch films [5,6]. However, PHBH with low 3HHXx content is
brittle, which originated from its high crystallinity, which limits its practical applications.
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Therefore, it is necessary to improve the flexibility of PHBH while maintaining its elastic
modulus and mechanical strength. Polymer blending is an effective approach with a low
production cost to overcome polymer drawbacks and combine characteristics of blend com-
ponents. Blending PHBH with other biodegradable polymers can improve the performance
and is in line with the sustainable development strategies and eco-friendliness concepts.
Many biodegradable PHBH-based blends have been reported. For example, Lim et al. [7]
prepared immiscible PHBH /polycaprolactone (PCL) blends and found that the PCL phase
improved the yield strength and modulus of PHBH/PCL blends. Blending poly(butylene
adipate-co-terephthalate) (PBAT) with PHBH inhibited the crystallization of PHBH and
improved the processability and mechanical properties [8]. Yu et al. [9] found that the
miscibility of PHBH/poly(ethylene oxide) (PEO) blends was dependent on the blend com-
position, and the mechanical properties of PHBH were improved by the introduction of
5-17.5 wt% PEO. PHBH was miscible with poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
(P34HB), and the PHBH /P34HB blends displayed higher thermal stability, flexibility and
tensile strength compared with neat PHBH [10].

Poly(propylene carbonate) (PPC), as an aliphatic polycarbonate, is made by alternating
copolymerization of carbon dioxide (CO,) with propylene oxide, whose synthesis process
mitigates CO, accumulation in the environment [11]. The outstanding properties of PPC,
including good processability, biodegradability and ductility, can render it of much in-
dustrial interest for applications in packaging, foams and agricultural mulch films. More
recently, the utilization of rare earth catalysts allowed for the large-scale synthesis of PPC,
which made it easy to utilize PPC at low cost [12,13]. PPC had been blended with a num-
ber of biodegradable polymers, for instance, poly(lactic acid) (PLA) [14,15], PHBV [16],
PHB [17] and poly(butylene succinate) (PBS) [18], to enhance their mechanical properties.
Zhang et al. [19] investigated the PHBH /PPC solution blend films with different weight
ratios. It was observed that PHBH matrix and PPC phase were immiscible in the melted
state. As PPC content was increased from 0 to 50 wt%, the elastic modulus decreased from
92.9 to 69.6 MPa, and the elongation at the break increased from 16% to 20%.

For thermodynamically immiscible polymer blends, lower interfacial interactions and
poorer phase morphology limit the combination of the advantages of blend components.
Therefore, compatibilization is required for an immiscible PHBH/PPC blend to improve
the phase morphology and give the blends desired properties. The most common ap-
proaches to enhance the compatibility of immiscible polymer blends are the addition of
block or graft copolymers, or “reactive blending” [20]. The main limitations of block or
graft copolymers are the limited availability and high cost. Reactive blending is possi-
ble when the polymer components being blended can be modified by mutually reactive
functional groups and remain structurally stable under processing conditions. Therefore,
another method of introducing the third polymer component into immiscible blend sys-
tems to improve their compatibility has attracted attention. Moussaif et al. [21] reported
that the introduction of polymethylmethacrylate (PMMA) into immiscible polycarbonate
(PC)/polyvinylidenefluoride (PVDEF) polymer blends decreased interfacial tension and im-
proved tensile properties. Zhang et al. [22] prepared ternary PLA/PHBV /PBS blends with
a good balance of toughness and stiffness and found that PHBV and PLA were partially
miscible, while PBS was immiscible with PLA or PHBV.

Poly(vinyl acetate) (PVAc) with amorphous characteristics was reported to be miscible
with PHB [23], PCL [24] and PLA [25]. Gao et al. [26] revealed that in the PPC/PLA /PVAc
ternary blends, PVAc was selectively localized at the interface between the PLA dispersed
phase and PPC matrix, which served as compatibilizers to increase interfacial adhesion
and improve the mechanical properties of the blends. Therefore, in the present study, in
view of the complementary property between PHBH and PPC, coupled with the miscibility
between PVAc, PHBH and PPC, PVAc was selected as the third polymer phase to be
introduced into the PHBH /PPC blends. Furthermore, the effect of PVAc concentration on
the dynamic mechanical property, phase morphologies, melting and crystallization, tensile
properties and rheological properties was investigated in detail. It was expected that PVAc
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phase could improve the compatibility of the PHBH/PPC blends and refine the phase
structure, which resulted in an improvement in the mechanical and rheological properties
of PHBH/PPC/PVAc blends.

2. Materials and Methods
2.1. Materials

PHBH was provided by Jiangsu Lansu Biomaterial Co., Ltd. (Yancheng, China). It had
a weight-average molecular weight (M) and polydispersity (PDI) of 754 kg mol ! and
4.89, respectively. PHBH copolymer had 6 mol% 3HH unit based on 'H NMR. PPC was
provided by Changchun Institute of Applied Chemistry. It had an M,y of 130 kg mol~! and
PDI of 2.6. PVAc with M, of 315 kg mol~! and PDI of 1.9 was bought from Nuoda New
Materials Company (Yantai, China). Chemical structures of the three polymer components
are provided in Scheme 1.
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CH
CH,
CHg
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@)
PPC PVAc

Scheme 1. Chemical structures of (a) PHBH, (b) PPC and (c) PVAc.

2.2. Sample Preparation

To remove moisture, before processing, PHBH, PPC and PVAc were dried at 80 °C
under vacuum for 10 h. Melt blending of samples with different PVAc content was car-
ried out with an internal mixer (X55300, Shanghai Kechuang Rubber Plastic Mechanical
Equipment Co., Ltd., Shanghai, China). Blending parameters included temperature of
160 °C, screw speed of 60 rpm and residence time of 7 min. The blended samples were
hot-pressed at 170 °C and under a fixed pressure of 10 MPa for 3 min, then cold-pressed at
room temperature and 10 MPa for 3 min to obtain 1-mm thick samples for tests. The weight
composition of PHBH/PPC = 70 wt%/30 wt% was fixed in binary and ternary blends. For
the PHBH/PPC/PVAc blends, PVAc contents were 5, 10 and 20 wt% of the total ternary
blends. It was worth noting that neat PHBH, neat PPC, PHBH/PPC binary, PPC/PVAc
binary and PHBH/PVAc binary blends undergoing the same thermal processing were also
prepared as control samples. The PVAc weight content was set as 30 and 50 wt% in the
PPC/PVAc binary blends and as 10, 20 and 30 wt% in the PHBH/PVAc binary blends.
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2.3. Characterizations
2.3.1. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical property tests were conducted on a DMAS850 from a TA Instru-
ments (New Castle, DE, USA) at oscillating amplitude of 5 pm and frequency of 1 Hz. The
tests were carried out at temperatures ranging from —30 to 100 °C with a heating rate of
3 °C min~!. The rectangle sample dimension was 20 x 10 x 1.0 mm?.

2.3.2. Rheological Measurements

A rheometer (AR2000EX, TA Instrument, USA) with a parallel-plate geometry (diame-
ter = 25 mm) was performed to investigated the melt viscoelastic properties of neat PHBH
and its blends. The dynamic frequency sweep was carried out at 155 °C and swept from
100 to 0.05 rad s ! under dry nitrogen. The fixed strain of 1.25% ensured that the response
was within the linear viscoelastic range.

2.3.3. Scanning Electronic Microscopy (SEM)

The phase morphologies of neat PHBH and all blends were observed using a field
emission scanning electron microscopy (XL30 ESEM FEG, FEI Co., Hillsboro, OR, USA)
with an accelerating voltage of 10 kV. All sample films were cooled in liquid nitrogen for
20 min, then were cryogenically fractured. The smooth fractured surface of neat PHBH
was taken for direct SEM observation, and all blends were etched by immersing them in
acetone solution for 120 min, ensuring the dissolution of PPC phase but the preservation of
PHBH matrix. Prior to SEM observation, the surfaces of all samples were sputter-coated
with gold. The average size of dispersed phase (D) of the blends was calculated using Nano
Measurer 1.2 software and analyzing 50-100 particles of SEM images for each sample.

2.3.4. Differential Scanning Calorimetry (DSC)

Melting and crystallization behaviors of neat PHBH and all its blends were probed by
TA Instruments DSC (Q20, USA) under N, atmosphere. Around 5—8 mg of samples were
heated from 40 to 190 °C at a heating rate of 100 °C min~! and left at 190 °C for 3 min to
erase the thermal history. The first cooling scan was monitored from 190 to —30 °C at a
rate of 5 °C min~! for determining the crystallization temperature (T.) and crystallization
enthalpy (AH,). After that, the second heating scan was performed between —30 and 190 °C
at a heating rate of 10 °C min~!, from which the glass transition temperature (Ty), cold
crystallization temperature (T), cold crystallization enthalpy (AH,.), melting temperature
(Ty) and melting enthalpy (AH,;) could be obtained. The degree of crystallinity (X.) of
PHBH in all blends was calculated with the following formula:

AH,, — AH,.

X =
‘ AHOn

x 100%, 1)

where AHY, represents the fusion enthalpy of 100% crystalline PHBH (146 ] g~ 1) [27], and «
represents the weight fraction of PHBH in the blends. It was worth noting that all enthalpy
values including AH,, AH,. and AH,,, were corrected based on the weight content of PHBH
in the blends.

For the isothermal crystallization analysis, all samples were first heated at a rate
of 100 °C min~! from 40 to 190 °C and held for 3 min, then quickly cooled at a rate of
45 °C min~! to the desired crystallization temperature. Finally, the samples were further
isothermally crystallized at the crystallization temperature for the sufficient time.

2.3.5. Tensile Tests

The tensile properties of neat PHBH and all its blends were measured at room tem-
perature by using an Instron-1121 tensile tester (Canton, MA, USA). The gauge length of
samples was 20 mm, and crosshead speed was set to 10 mm min~!. At least 5 bars for each
specimen were measured under the same conditions to obtain an average value.
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3. Results and Discussion
3.1. Dynamic Mechanical Analysis

In order to investigate the mutual miscibility of the three polymer components, DMA
tests were performed. This is because the phase structure and morphology of immiscible
blends depend on the interfacial interactions and miscibility between polymer components.
The damping factor (tan J) curves of neat PHBH, PPC, PVAc, PHBH/PPC binary blends and
PHBH/PPC/PVAc ternary blends are shown in Figure 1a. In order to study the miscibility
between components more clearly, tan 6 curves of PPC/PVAc binary and PHBH/PVAc
binary blends are given in Figure 1b and 1c, respectively.

b
—=— neat PHBH ®.54 —=— 70PPC/30PVAc
—e— neat PPC —e—50PPC/S0PVAc I
| ——neat PVAc 3.0 n
—v— PHBH/PPC L™
{—+— PHBH/PPC/5PVAC 2.5 ’w
—<— PHBH/PPC/10PVAC b
| —— PHBH/PPC/20PVAC 2.0 i .
& ;e
1.5 -]
» [
.- S
_//\_/
™~ 0.5 i
) -20 0 20 40 60 80 100
0.0
-40 0 20 40 60 80 100 -20 0 20 40 60 80 100
Temperature (°C) Temperature (°C)

0.301

0.251

0.20 1

—=8— 90PHBH/10PVAc
—e— 80PHBH/20PVAc
—A— 70PHBH/30PVAc

>
’P)’
NS

T T T T
20 40 60 80 100
Temperature (°C)

Figure 1. Damping factor (tan J) curves of (a) neat PHBH, PPC, PVAc, PHBH/PPC binary and
PHBH/PPC/PVAc ternary; (b) PPC/PVAc binary and (c) PHBH/PVAc binary blends.

The tan 6 peak is directly related to the transition in molecular mobility, which repre-
sents the glass transitions of polymer. It is well known that the glass transition temperature
(T) of the polymer blend system is an important criteria to assess the miscibility of polymer
blends. If the blend has only one T, between the two neat components, it means that the
two components of the blend are completely miscible. If the blend shows two composition-
independent Tgs, which are close to the Tgs of neat components, it suggests that the blend
is completely immiscible. Two composition-dependent T¢s, which are between those of
neat components, indicates a partially miscible polymer blend [28]. Table 1 shows T
values of neat components and all blends. As shown in Figure 1a and Table 1, sharp tan
6 peaks were observed at about 13.9 °C for neat PHBH, 33.0 °C for neat PPC and 47.9 °C
for neat PVAc, corresponding to their glass transitions. For the PHBH/PPC binary blend,
two Tgs, one at around 12.5 °C, close to that of neat PHBH, and the other at around 34.7 °C,
close to that of neat PPC, were observed, suggesting that PHBH and PPC were immiscible.
Moreover, such a phenomenon was also in accordance with the literature report [19]. For
the PHBH/PPC/PVAc blends, the damping peaks of PPC were located at about 35 °C and
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did not show significant changes with increasing PVAc content. The increase in the Ty of
the PHBH matrix was observed for PHBH /PPC/5PVAc and PHBH/PPC/10PVAc blends,
and the T of PHBH in the PHBH/PPC/10PVAc blend was around 6 °C higher than that
of PHBH in the PHBH/PPC binary blend. The Tg of PHBH in the PHBH /PPC /20PVAc
blend was hardly detected due to the fact that the T, of PHBH was close to that of the PPC
phase. As can be seen from Figure 1b, PPC/PVAc binary blends showed only one tan §
peak, which was between those of neat PPC and PVAc and increased with PVAc content. A
variation of the Tg of PHBH/PVAc binary blends was similar to that of PPC/PVAc blends,
as shown in Figure 1c. These results demonstrated that PVAc was miscible with both PHBH
and PPC and displayed better miscibility with PHBH compared with PPC. Therefore, it can
be inferred that PVAc was probably selectively localized in the PHBH matrix, increasing
the T of PHBH in the PHBH/PPC/PVAc blends.

Table 1. Glass transition temperatures (T¢s) of all samples from DMA tests.

Samples TgpupH (°O) Tgppc (°C) Tgpvac CO
neat PHBH 13.9 - -
neat PPC - 33.0 -
neat PVAc - - 479
PHBH/PPC 12.5 34.7 -
PHBH/PPC/5PVAc 16.8 35.2 -
PHBH/PPC/10PVAc 18.9 35.3 -
PHBH/PPC/20PVAc Not detected 35.8 -
70PPC/30PVAc - 38.9 -
50PPC/50PVAc - 40.6 -
90PHBH /10PVAc 25.6 - -
80PHBH /20PVAc 32.9 - -
70PHBH /30PVAc 35.6 - -

Figure 2 shows the temperature dependence of storage modulus (E’) of neat compo-
nents, the PHBH/PPC blends and PHBH/PPC/PVAc blends. Of the three neat glassy
components at —10 °C, neat PHBH exhibited the highest E’ of about 5.2 GPa, and neat PPC
had the smallest E’ of about 2.9 GPa. Due to the glass transition, E' of PHBH, PPC and PVAc
decreased sharply at about 10, 30 and 50 °C, respectively. In case of PHBH/PPC binary
blend, E’ was between that of neat PHBH and that of neat PPC. For ternary blends, PVAc
phase had little influence on E’ of the PHBH/PPC/PVAc blends at temperature below Tq of
PVAc (about 50 °C). However, E’ of the PHBH/PPC/PVAc blends decreased significantly
with the increase in PVAc content above the T of PVAc. Such a result was possibly owing
to the dilution effect of PVAc on the PHBH matrix.

10*

—

(=)
T
1

—_

(=}
o
1

—s=— neat PHBH
—e— neat PPC

4 ——necat PVAc
—— PHBH/PPC
—e— PHBH/PPC/5PVAc
—<— PHBH/PPC/10PVAc
1 —— PHBH/PPC/20PVAc

Storage modulus (MPa)

—_
(=}
=}

-20 0 20 40 60 80 100
Temperature (°C)

Figure 2. Storage modulus (E’) curves of neat PHBH, PPC, PVAc, PHBH/PPC blends and
PHBH/PPC/PVAc blends.
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3.2. Rheological Properties

Rheology is often used to investigate the melt behavior of non-Newtonian fluids, such
as polymers. The viscosity of a Newtonian fluid changes with temperature and does not
change with the strain rate. However, a non-Newtonian liquid displays a change in viscosity
with the strain rate. Therefore, the investigation of rheology is particularly important for
determining the fluid mechanics of polymer [29]. The rheological properties of polymer
blends are essential for understanding the relationships between the processibility and
structure-property of polymer blends. Figure 3 shows the curves of the storage modulus
(G'), loss modulus (G”), complex viscosity (14*|) and damping factor (tan 6) of neat PHBH,
PPC, PVAc, the PHBH /PPC blends and the PHBH /PPC /PVAc blends at 155 °C.

(a) 107 (®) 5]
10" 1
10° § = 10"
~_ x
g £
) 10° 4 —=— neat PHBH o —=— neat PHBH
—e— PHBH/PPC —e— PHBH/PPC
10' 4 —4— PHBH/PPC/5PVAc 103 4 —4— PHBH/PPC/5PVAc
—v— PHBH/PPC/10PVAc —v— PHBH/PPC/10PVAc
) —— PHBH/PPC/20PVAc —— PHBH/PPC/20PVAc
1074 —<&— neat PPC —<&— neat PPC
—— neat PVAc —— neat PVAc
107! T T T T 10 T T T T
10! 10° 10! 10° 10! 10° 10! . 10°
Angular frequency (rad-s™) Angular frequency (rad-s™)
(C) —&— neat PHBH (d) —a— neat PHBH
—e— PHBH/PPC 1024 —e— PHBH/PPC
10° 1 —a— PHBH/PPC/5PVAc —a— PHBH/PPC/5PVAc
—v— PHBH/PPC/10PVAc —v— PHBH/PPC/10PVAc
_ —&— PHBH/PPC/20PVAc —— PHBH/PPC/20PVAc
@ —<— neat PPC —«— neat PPC
n‘: —— neat PVAc o —»—neat PVAc
=2 10"
= S
—_ 104 -
100 -
10° 4

T
107!

Angular frequency (rad-s™)

107! 10° 10! 10°
Angular frequency (rad-s™)

10° 10! 10?

Figure 3. Dynamic viscoelastic properties of neat PHBH, PPC, PVAc, PHBH/PPC blends and
PHBH/PPC/PVAc blends at 155 °C: (a) storage modulus (G’), (b) loss modulus (G"’), (c) complex
viscosity (14*1) and (d) loss tangent (tan J).

According to G’ in Figure 3a, neat PHBH had much lower melt elasticity than those
of neat PVAc and PPC. Neat PVAc showed higher melt elasticity at low and intermediate
frequency regions and lower melt elasticity at high frequency regions compared to that
of neat PPC. The binary and ternary blends displayed a lower G’ compared to neat PPC
and a higher G’ compared to neat PHBH. The increase in the PVAc content gradually
increased the melt elasticity of ternary blends at low frequency regions due to the fact that
PVAc had higher melt elasticity compared with the neat PHBH. Similar to G/, the gradual
introduction of the PVAc component into the PHBH/PPC blend also raised the G” of the
blends (Figure 3b). As shown in Figure 3c, neat PHBH showed a Newtonian plateau at
intermediate frequency regions with the smallest viscosity of the three neat components.
In the low-frequency region, the decreasing complex viscosity with decreasing frequency
might be due to the slight degradation of PHBH during testing at 155 °C. Neat PVAc
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showed significant shear-thinning behaviour, suggesting that its complex viscosity was
a function of frequency. Clearly, with the introduction of PVAc, the Newtonian plateau
of the PHBH/PPC/PVAc blends at low frequency regions became progressively smaller,
and the complex viscosity increased significantly. The damping factor (tan ¢) is the ratio of
dissipated energy (G”) to stored energy (G'). The tan ¢ data in Figure 3d demonstrated that
PHBH had the largest damping factor among the three neat components and displayed
a frequency dependence of tan ¢, suggesting its viscous liquid characteristic. The tan &
values of PVAc were smaller than those of PHBH and PPC and were not very dependent
on frequency, suggesting its elastic liquid characteristic. The tan J curves of binary and
ternary blends were between those of PHBH and PPC and decreased with an increase in
the PVAc content at a low frequency due to the lower tan J values of PVAc compared to
those of PHBH.

As stated earlier, the dynamic viscoelastic properties of the blends implied that the
presence of PVAc affected the rheological properties of PHBH/PPC blends. The influence
of PVAc content on the rheological properties was due to its localization in the continuous
phase of PHBH, which improved the interfacial interactions between the PHBH matrix
and PPC dispersed phase, thereby promoting the dispersion of PPC domains in the PHBH
matrix. By considering that the melt viscosity and elasticity of PVAc was higher than that of
PHBH, adding PVAc into the PHBH /PPC blend resulted in an increase in the entanglement
density in the continuous phase and at the interface between the PPC dispersion phase
and the PHBH/PVAc continuous phase, as PVAc was mixed with PHBH macromolecular
chains at their molecular-scale [30]. The increase in the degree of entanglement density
was directly connected with the PVAc content. The enhancement of the entanglement
density of the PHBH matrix and between the matrix and dispersion phase resulted in the
increased viscosity and elasticity of the melt. This was due to that the increased physical
interactions through chain entanglement restricted macromolecular flow and slip under
shear deformations. Additionally, the entanglement density in the ternary blends could
strongly retard the macromolecular chain relaxations, which might lead to an increase in the
melt strength of the PHBH matrix [31]. The improved melt strength was very meaningful
for PHBH processing due to one of its drawbacks of a low melt strength.

3.3. Phase Morphology

The phase morphology of blends is a crucial key affecting the macroscopic properties of
blend systems. Therefore, the investigation of the size of dispersed phases and morphology
types of the PHBH/PPC/PVAc ternary blends in this work was important and helpful for
determining the relation between microstructure and resulting performance. Figure 4 gives
the SEM micrographs of neat PHBH and all blends.

As shown in Figure 4(al,a2), neat PHBH showed featureless and smooth cryo-fractured
surfaces. For the PHBH/PPC and PHBH/PPC/PVAc blends (Figure 4(bl-€2)), the dis-
persed PPC phase etched away by acetone left homogeneous and spherical voids, implying
that the PHBH matrix and PPC phase were immiscible, which was in line with the ob-
servation of DMA. It was worth noting that the acetone solution was a solvent for neat
PVAc. From the previous discussion, PVAc was miscible with PHBH at the molecular
level and was selectively localized in the PHBH matrix. Therefore, the small amount of
PVAc dispersed in the PHBH matrix could not be solubilized in the acetone solution. It
was of great interest that a much finer and more uniform phase structure was observed
with the addition of the PVAc phase. Figure 5 clearly demonstrates the dispersed phase
size obtained using an analysis of the Nano Measurer 1.2 software. As can be seen from
Figure 5, the average diameter (D) of the dispersed phase decreased from 1.68 um for
the PHBH/PPC binary blend to a half value for the PHBH/PPC/20PVAc ternary blend
(0.84 um).
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Figure 4. SEM images of surfaces for: (al,a2) neat PHBH, (b1,b2) PHBH/PPC, (c1,c2) PHBH/PPC/5PVAc,
(d1,d2) PHBH/PPC/10PVAc and (e1,e2) PHBH/PPC/20PVAc at different magnifications.

160



Polymers 2023, 15, 4281

2.5

2.0

1.5+

D (um)

1.0+

0.5 1

0.0-

C C ¢ BO
o\ < C) Cl
< Q‘\? NS 0
‘2‘3& sg\"?’\X q‘e@’?‘

Figure 5. The average size of dispersed phase (D) of PHBH/PPC and PHBH/PPC/PVAc blends.

The phase morphologies of immiscible polymer blends was dependent on interfacial
tension between the phases, blend compositions, processing parameters and viscosity ratio
of the components [32,33]. The final morphology of immiscible blends was controlled by
the competition between the droplet coalescence and break-up during melt processing [34].
It is well known that for the polymer blends with “sea-island” phase structure, phase
coarsening frequently occurs with the coalescence of droplets, which reduces the interfacial
area and decreases the free energy of blend systems [35]. The addition of compatibilizers
to immiscible polymer blends can control phase morphology and enhance the miscibility
of the blends by reducing interfacial tension [36]. Therefore, in the present work, it can be
inferred that the PVAc phase in the PHBH/PPC/PVAc blends was fully miscible with the
PHBH matrix and PPC phase and was selectively localized in the PHBH matrix, acting
as compatibilizers to reduce the interfacial tensions between the PPC phase and PHBH
matrix and refine the phase structure. In addition, PVAc as a third phase was selectively
located in the PHBH matrix, forming a continuous phase together with the PHBH, which
also led to a smaller size of the dispersed phase with the increasing PVAc content. Studies
on the influence of the viscosity ratio (the ratio of dispersed phase viscosity to matrix phase
viscosity) on the morphology of immiscible polymer blends indicated that the larger the
viscosity ratio, the coarser the phase structure, while a viscosity ratio of approximately
equal to 1 led to much finer morphology [37,38]. In the present work, as shown in Figure 3c,
the viscosity of PPC was significantly greater than that of PHBH, indicating that the
PHBH/PPC binary blend had a high viscosity ratio. For the PHBH/PPC/PVAc ternary
blends, PVAc with a higher viscosity was selectively dispersed in the PHBH matrix, which
could increase the matrix viscosity and reduce the viscosity ratio, resulting in a refined
morphology. Similar results were observed in partially miscible PHBH/PLA blends with a
reactive epoxy compatibilizer (REC) to enhance the compatibility between PHBH and PLA
phases [39].

3.4. Thermal and Crystallization Behaviors

A differential scanning calorimetry (DSC) test was performed to study the thermal
behaviors of neat components and their blends, as recorded in Figure 6. The thermal
parameters are summarized in Table 2. Figure 6a clearly indicated that neat PHBH exhibited
a significant crystallization exothermic peak (T;) at about 50 °C. Neat PPC and PVAc had
no crystallization peak, suggesting their amorphous characteristics. For the PHBH/PPC
binary blends, it was observed that the T, of PHBH shifted to a low temperature, suggesting
that the crystallization of PHBH was suppressed by adding the PPC phase. Similarly, for the
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immiscible PHBH/PBAT and PHBH/PBS blends, the presence of PBAT and PBS inhibited
the crystallization of PHBH [8,40]. In contrast, PCL was found to promote the crystallization
of PHBH in immiscible PHBH /PCL blends [40]. However, for the PHBH/PPC/PVAc
blends, no crystallization peaks were observed, suggesting that the presence of PVAc

inhibited the crystallization of PHBH.
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Figure 6. DSC thermograms of (a) first cooling at a cooling rate of 5 °C min~! and (b) second
heating at a heating rate of 10 °C min~! for neat PHBH, PPC, PVAc, PHBH/PPC blends and
PHBH/PPC/PVAc blends.
Table 2. Thermal properties of PHBH, PPC, PVAc, PHBH/PPC blends and PHBH/PPC/PVAc blends.
First Cooling Second Heating
Samp le T, AH, Tg,PHBH Tec AH, T T2 AH,, X
(o) (J/g) O (W) (J/g) 0 0 (/g (%)
neat PHBH 62.8 49.7 2.8 - - 132.5 149.3 55.9 38.3
neat PPC - - 333 - - - - -
neat PVAc - - 44.7 - - - - -

PHBH/PPC 53.0 17.6 1.6 54.4 24.7 130.5 148.4 49.0 16.6
PHBH/PPC/5PVAc - - 24 59.6 40.8 130.7 148.5 529 8.3
PHBH/PPC/10PVAc - - 4.3 65.8 43.7 132.8 148.9 494 39
PHBH/PPC/20PVAc - - 6.5 80.4 47.5 133.5 148.5 49.3 1.2

As shown in Figure 6b, neat PHBH, PPC and PVAc showed the Tgs at 2.8, 33.3 and
44.7 °C, respectively. The T¢ of PPC was not apparent for all blends, probably because
the glass transition peaks overlapped with the onset of cold crystallization exothermic
peaks. The T, of PHBH in the blends was increased with increasing PVAc content, which
was consistent with DMA observations, suggesting that PVAc was miscible with the

PHBH matrix.

From Figure 6b, neat PHBH had no cold crystallization (T,.), indicating its rela-
tively complete crystallization during the cooling process. Furthermore, the T,cs of the
PHBH/PPC/PVAc blends increased significantly with increasing PVAc content. For in-
stance, the T, of the PHBH/PPC blend was 54.4 °C, and it increased to 80.4 °C for the
PHBH/PPC/20PVAc blend. The obvious increase in the T, of PHBH in the ternary blends
once again illustrated that the introduction of PVAc into the PHBH/PPC blend inhibited
the crystallization of PHBH. First, PVAc, which was located in the PHBH matrix, would
restrict the stacking ability and mobility of PHBH molecular chains due to its high viscosity.
Second, the presence of amorphous PVAc increased the entanglement density between

PHBH molecular chains, which also inhibited the chains” mobility [30].

Neat PHBH and all blends showed typical double melting peaks during the second
heating process. The melting peaks on the low-temperature side and high-temperature side
are labeled as T};; and T3, which correspond to the melting endothermic peaks of primary
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and recrystallized PHBH crystals, respectively [41]. The T,,; of PHBH in the PHBH/PPC
blend was lower than that of neat PHBH, which was probably owing to the fact that the
PPC phase affected the thickness of the lamellae of the primary crystals of PHBH. The T,,1s
of PHBH in the PHBH/PPC/PVAc ternary blends were found to increase gradually with
increasing PVAc content. This might be due to the fact that the incorporation of PVAc raised
the T, of PHBH in the ternary blends, leading to the formation of more stable and perfect
primary crystals of PHBH. The T35 of the blends did not change significantly compared to
that of neat PHBH.

From Table 2, it was observed that the degree of crystallinity (X.) of neat PHBH
was 38.3%, and the X, of the binary blend decreased to 16.6%, which was due to the
incorporation of PPC inhibiting the crystallization of PHBH. For the PHBH/PPC/PVAc
blends, the X, continued to decrease with the introduction of PVAc. This was due to a
decrease in the number of PHBH segments and chains growing toward the crystal growth
front caused by the dilution of PVAc. In addition, the complete miscibility of PHBH and
PVAc led to a migration of heterogeneities from the PHBH to the PVAc phase. Consequently,
the number of heterogeneous primary nuclei of PHBH was decreased.

3.5. Isothermal Melt Crystallization Behavior and Kinetics

In this section, the influence of PVAc content on the isothermal melt crystallization
kinetics of the PHBH/PPC blend was further investigated with DSC. DSC scans of isother-
mal crystallization of neat PHBH and all blends at 80 and 85 °C are presented in Figure 7.
The relative crystallinity (X;) at crystallization time (f) was determined with the following

i 42]:
equatlon[ ] . Xc(f) B de(t) it/ ) dH(t) dt 2
t = X, (o) */0 dt /O at ?

where X, (f) is defined as the crystallization enthalpy at time ¢, and X, (o) is defined as
the enthalpy when crystallization is finished. The dH(t)/dt is the rate of heat flow during
isothermal crystallization at time t. The development of X; versus crystallization time ¢ is
showed in Figure 8. Obviously, all plots presented the shape of “S”, and the crystallization
time of the PHBH/PPC/PVAc blends was prolonged with an increase in the PVAc content.
Furthermore, the Avrami equation was used to analyze isothermal crystallization kinetics
of PHBH and its binary and ternary blends as follows [43]:

Xy =1—exp(—kt"), ©)]

where 1 (n = ny + ny) is the Avrami exponent depending on both nucleation type (11) and
growth dimension (1,), while n; equals 1 for homogeneous nucleation and 7; equals 0
for heterogeneous nucleation. The variable k is the crystallization rate constant, which is
associated with both nucleation and growth. Figure 9 presents the Avrami plots of neat
PHBH and all blends, and # and k values obtained from the linear portion of Avrami plots
are listed in Table 3. An R? value greater than 0.99 indicated that the Avrami equation could
describe the isothermal crystallization kinetics of the binary and ternary blend system
well. In general, neat polymers have an n value of 4 with sporadic nucleation mode,
while polymers containing heterogeneous nucleating agents show an n value of 3 with
instantaneous nucleation [44]. In practice, impurities in the neat polymers result in the
heterogeneous nucleation with a three-dimensional spherulite growth at n values of 3.
From Table 3, regardless of the crystallization temperature and PVAc content, neat PHBH
and its blends displayed similar values of 7 in a range of 2.4 to 2.8, indicating heterogeneous
nucleation with two-dimensional to spherulitic crystal growth (17 =0, an d n, = 2 or 3) [45].
Moreover, the crystallization temperature and blending with PPC and PVAc did not change
the crystallization mechanisms of PHBH.
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Table 3. Isothermal crystallization kinetic parameters of neat PHBH and its blends based on the
Avrami equation.

Crystallization Temperature of 80 °C Crystallization Temperature of 85 °C

Sample

t1/2 (min)

n k (min—1) R? t1/» (min) n k (min—1) R?

PHBH
PHBH/PPC
PHBH/PPC/5PVAc
PHBH/PPC/10PVAc
PHBH/PPC/20PVAc

4.8
10.2
20.9
34.1
46.8

2.8 823 x 1073 0.9998 7.2 2.8 2.36 x 1073 0.9998
2.7 1.39 x 1073 0.9982 15.5 2.6 526 x 107 0.9986
2.6 3.16 x 10* 0.9940 35.3 24 1.20 x 10~* 0.9963
24 1.63 x 10~* 0.9986 43.1 2.5 5.54 x 107> 0.9982
2.7 2.30 x 107> 0.9994 56.9 2.8 8.81 x 107 0.9992

Crystallization half time (t; /5), defined as the time to achieve 50% X;, could be used to
evaluate the crystallization rate and was calculated with the following equation:

In2\"
by, = <k) 4)

The t1/, values of neat PHBH and its blends are summarized in Table 3. As can be seen
in Table 3, when the crystallization temperature was increased from 80 to 85 °C, the crystal-
lization time of the samples was increased. For example, the t; ;, of PHBH/PPC/5PVAc
at 80 °C was 20.9 min, which was increased to 35.3 min at 85 °C. This was due to the fact
that an increase in the crystallization temperature led to a decrease in supercooling, which
reduced the driving force and resulted in difficulties in crystallization nucleation [46]. At
crystallization temperature of 80 or 85 °C, the t;,, of the blends was greater than that
of neat PHBH and increased with the increasing PVAc content. These results indicated
that the incorporation of PVAc reduced the isothermal crystallization rate of the PHBH
matrix, which could be due to the dilution influence of the amorphous PVAc melt on the
PHBH crystal region. Another possible reason for the decrease in the crystallization rate of
PHBH in the PHBH/PPC/PVAc blends was that the high viscosity of PVAc as well as the
increased entanglement density inhibited the diffusion and stacking of PHBH molecular
chains [22].

3.6. Tensile Mechanical Properties

The stress—strain curves of neat PHBH, the PHBH /PPC blends and the PHBH /PPC/PVAc
blends are presented in Figure 10, and the mechanical properties of all samples are summa-
rized in Table 4. Based on Figure 10a, neat PHBH was a rigid polymer and exhibited a
brittle fracture fashion with much lower elongation at the break of 4.0%. It could be seen
that the PHBH/PPC binary blend also failed in brittle mode, while it showed improved
elongation at the break compared to neat PHBH. It could be expected that the modulus
and yield strength of the binary blend were smaller than those of neat PHBH. This could
be mainly due to the fact that the phase-separated morphology of the PHBH/PPC blend
led to the interfacial debonding.

Table 4. Mechanical properties of neat PHBH and its blends.

Sample

Yield Strength Breaking Strength Young's Modulus Elongation at Break

(MPa) (MPa) (MPa) (%)

neat PHBH

PHBH/PPC
PHBH/PPC/5PVAc
PHBH/PPC/10PVAc
PHBH/PPC/20PVAc

316 £3.1 31.6 £3.1 705 £ 47 40=+01
278 +24 27824 650 + 41 6.8 £0.2
343+1.6 343+1.6 634 £ 40 192+ 1.6
30004 185+1.2 648 + 13 847+ 44
279 £0.5 20.8 £0.5 386 + 27 636 + 31.7

165



Polymers 2023, 15, 4281

40
@ S~ neat PHBH
- —— PHBH/PPC k35
7 ! —— PHBH/PPC/5PVAc
I —— PHBH/PPC/10PVAc [ 30
/1 ! —— PHBH/PPC/20PVAc —
| Los &
| oz
1 F20 o,
g
| F15 =
1 .
| - 10
1
1
| ! B
. . r r LT T . r . r ——+0
0 5 10 15 20 0 100 200 300 400 500 600

strain (%)

(0)

+3.1
343+1.6

T05+47
65041
6361317

31.643
63440

[ ncat PHBH

[ PHBH/PPC

|l PHBH/PPC/5PVAc
[ |PHBH/PPC/10PVAC
|l PHBH/PPC/20PVAc

Yield strength Young’'s modulus Elongation at break
(MPa) (MPa) (%)

Figure 10. (a) Typical stress—strain curves of neat PHBH and its blends and (b) detailed tensile results
about yield strength, Young’s modulus and elongation at break.

For the PHBH/PPC/PVAc ternary blends, the elongation at the break was increased
with increasing PVAc content. The ternary blends with 10 and 20 wt% PVAc underwent
distinct yielding, suggesting the occurrence of brittle-to-ductile fracture transition. The
ternary blend with 20 wt% PVAc especially showed a considerable and stable cold drawing
after yielding, and the elongation at the break increased to 636%, which was more than
150 times higher than that of neat PHBH. It is well known that strength and toughness
are important requirements for most structural materials. It is a pity that strength and
toughness are usually mutually exclusive. Typically, the toughening of polymers would be
accompanied by a sharp decrease in the strength of binary blends. The blends of PHBH
also showed such trends [8,19,47]. For example, the elastic modulus and tensile strength
of PHBH/PPC (70 wt%/30 wt%) decreased by 11.2% and 0.05%, respectively, and the
elongation at the break increased by 23.9% compared to neat PHBH [19]. Katsumata
et al. [47] observed that the introduction of a small amount of PCL could increase the
toughness of the P(3HB-co-7 mol% 3HH) cast film, where the Young’s modulus and the
maximum stress descended greatly. However, for the blend of PHBH/PPC/5PVAc in this
work, the presence of the PVAc phase increased the strength of PHBH from 31.6 to 34.3
MPa, and the elongation at the break was enhanced from 4 to 19%. With the addition of 10
wt% PVAc in the PHBH/PPC blend, the yield strength of the blend decreased slightly from
31.6 to 30.0 MPa, and a more significant increase in the elongation at the break, up to 84.7%,
was observed.

The significantly greater elongation at the break of the PHBH/PPC/PVAc blends
compared to neat PHBH was derived from the presence of the PVAc phase in the PHBH
matrix, which confined the crystallization of PHBH and significantly reduced the degree
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of crystallinity due to the entanglement density and the dilution effect of PVAc, as shown
in Figure 11. As a result, more amorphous PHBH regions were deformed and oriented
when being stretched. On the other hand, the dilution effect of the PVAc phase weakened
the intermolecular interactions of PHBH in the PHBH/PPC/PVAc blends, leading to an
easier flow of PHBH molecular chains. The PVAc phase selectively localized in the PHBH
matrix acted as a compatibilizer, reducing the interfacial tensions and refining the phase
morphology, leading to an increase in yield strength.

PHBH/PPC binary blend PHBH/PPC/PVAc ternary blend
« 0 > o 4

0

S 0 p
o &

() PHBH matrix @) PPC phase [TJJ PHBH/PVAc matrix \. PHBH chain ~\_PVAc chain

Figure 11. Schematic illustration of selective dispersion of PVAc in the ternary blends.

Figure 12 shows the comprehensive properties of neat PHBH, the PHBH /PPC blends
and the PHBH/PPC/PVAc blends, including the yield strength, Young’s modulus, elonga-
tion at the break, melt viscosity and storage modulus at an angular frequency of 0.05 rad s~ .
As can be seen from Figure 12, the incorporation of PVAc into the PHBH/PPC blends signif-
icantly improved the flexibility and melt viscoelasticity of ternary blends. Compared to neat
PHBH, the melt viscosity, melt elasticity and elongation at the break of PHBH /PPC/10PVAc
blend were increased by 126%, 4636% and 2000%, respectively, while the yield strength
and Young’s modulus decreased by only 8% and 5%, respectively. Therefore, the sig-
nificant increase in flexibility and melt viscoelasticity with no deterioration in strength
compared to neat PHBH were achieved by adding small amounts of amorphous PVAc
into the PHBH/PPC binary blend, which was positive for expanding the applications of
PHBH blends.

Complex viscosity
10, 000

Storage modulus Young’s modulus

—a—necat PHBH
—e— PHBH/PPC
~-h~PHBH/PPC/5PVAc
—y—PHBH/PPC/10PVAc

Elongation at break Yield strength

Figure 12. Comprehensive properties of neat PHBH, PHBH/PPC blends and PHBH/PPC/PVAc blends.
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4. Conclusions

PHBH/PPC/PVAc ternary blends were prepared via a melt blending method with
the aim of obtaining multiple good performances. A DMA analysis revealed that PHBH
and PPC were immiscible. PVAc was miscible with both the PHBH matrix and PPC dis-
persed phase and displayed better miscibility with PHBH compared with PPC. Rheological
property studies demonstrated that the elasticity and viscosity of blend melts increased
significantly with the increasing PVAc content due to the high viscosity and elasticity of the
PVAc melt and the increased entanglement density. The SEM results of all blends exhibited
phase-separated morphology, and dispersed phase diameter gradually decreased with the
increasing PVAc content. The PVAc phase was selectively localized in the PHBH matrix.
Based on the DSC results, the PVAc phase suppressed the cold crystallization and reduced
the degree of crystallinity of the PHBH matrix. The isothermal crystallization rate of the
PHBH/PPC/PVAc blends was significantly decreased with adding PVAc, while the crystal-
lization mechanism did not change. It was of great interest to observe that the introduction
of a certain amount of PVAc significantly improved the toughness of the ternary blends
and kept the strength without deterioration. This work provided a simple method to tailor
the strength, ductility, viscosity and elasticity of the melt and the crystallization rate of the
PHBH blends, which represented promise for the realization of specific properties, thus
further expanding the application of PHBH.
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Abstract: The addition of toxic flame retardants to commercially available polymers is often required
for safety reasons due to the high flammability of these materials. In this work, the preparation and
incorporation of efficient biodegradable starch-based flame retardants into a low-density polyethylene
(LDPE) matrix was investigated. Thermoplastic starch was first obtained by plasticizing starch with
glycerol /water or glycerol/water/choline phytate to obtain TPS-G and TPS-G-CPA, respectively.
Various LDPE/TPS blends were prepared by means of melt blending using polyethylene graft maleic
anhydride as a compatibilizer and by varying the content of TPS and a halogenated commercial
flame retardant. By replacing 38% and 76% of the harmful commercial flame retardant with safe
TPS-G-CPA and TPS-G, respectively, blends with promising fire behavior were obtained, while the
limiting oxygen index (LOI = 28%) remained the same. The presence of choline phytate improved
both the charring ability and fire retardancy of starch and resulted in a 43% reduction in fire growth
index compared to the blend with commercial flame retardant only, as confirmed by means of cone
calorimetry. Standard UL 94 vertical tests showed that blends containing TPS exhibited dripping
behavior (rated V2), while those with commercial flame retardant were rated V0. Overall, this work
demonstrates the potential of starch as a natural flame retardant that could reduce the cost and
increase the safety of polymer-based materials.
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1. Introduction

Polyethylene (PE) is one of the most widely used polyolefins in the global plastics
market (around 34%) [1] and is available in three main grades: low-density polyethy-
lene (LDPE), linear low-density polyethylene (LLDPE) and high-density polyethylene
(HDPE) [2,3]. The popularity and wide range of applications of PE are related to its good
mechanical properties, ease of processing, low toxicity, and electrical insulation properties,
at an affordable price [4]. LDPE, for example, is one of the most widely used polymers for
electrical insulation because it combines suitable mechanical properties and good electrical
properties, namely low permittivity, and high electrical breakdown strength [1]. According
to the European Commission, the LDPE market was valued at USD 4 billion in 2020 [5].
The market is forecast to grow at a 3% CAGR (compound annual growth rate) from 2023 to
2028 [6]. However, due to its long aliphatic chains, LDPE is highly flammable and cannot
tolerate temperatures above 70 °C, which limits its application in many sectors, such as
transportation, electronics, among others [7,8]. Therefore, the addition of flame retardants
(FRs) to LDPE is a simple strategy to reduce the flammability of this polymer, increase
its survival time in the event of fire and ensure the safety levels required for each appli-
cation. There are several types of commercially available FR, such as compounds based
on phosphorus, borate, inorganic hydroxides, silicon, nitrogen, and halogen-containing

Polymers 2023, 15, 4078. https:/ /doi.org/10.3390/ polym15204078 171

https://www.mdpi.com/journal /polymers



Polymers 2023, 15, 4078

molecules [9,10], that can be used in LDPE formulations, and these are usually incorporated
into the polymer during processing. Information on the mechanism of action and appli-
cation of these FRs in LDPE can be found in a recent review article [1]. The commercially
available FRs used in LDPE are usually halogenated FR in combination with antimony
trioxide (ATO, Sb,O3), magnesium hydroxide (MDH, Mg(OH),), or aluminum hydroxide
(ATH, AI(OH)3) compounds. Despite their good flame-retardant performance, halogen
containing FRs are not good candidates from an environmental point of view due to their
high toxicity, and some of them were banned a few decades ago [11]. In view of current
environmental concerns, it is therefore highly desirable to develop new halogen-free FRs
that are both safe and can be obtained from renewable and sustainable sources [12,13].
Several biobased materials, such as deoxyribonucleic acid (DNA) [14], 3-cyclodextrin [14],
organic phosphorus compounds [15], phytic acid [7], polydopamine or tannic acid [12],
have been proposed as environmentally friendly FRs. The use of various natural polymers,
such as starch, wood flour, chitosan, lignin, and others as FRs has also been demonstrated
with the aim of improving both the biodegradability and flame retardancy of polymer
materials [13].

Using starch as an FR is a wise and promising option because this natural polymer
is safe, abundant, and inexpensive. Starch from various sources has been successfully
blended with LDPE via extrusion, resulting in blends with inferior mechanical properties
in comparison with neat LDPE [16]. In fact, plasticizing starch with different molecules,
namely water, polyols, or choline phytate (CPA), to give the so-called thermoplastic starch
(TPS) is necessary to provide some workability and mechanical properties to starch-based
materials [7,17,18]. However, the incorporation of TPS into LDPE results in materials
with poor mechanical properties. This is due to the incompatibility between the highly
hydrophilic character and strong intra- and inter-molecular hydrogen bonding of the starch,
and the hydrophobic nature of the polyolefin [19]. A straightforward and simple strategy
to improve the miscibility of TPS/LDPE blends is to use commercially available compatibi-
lizers, such as PE grafted with glycidyl methacrylate (PE-g¢-GMA) or LDPE-grafted maleic
anhydride (LDPE-g-MA) [20]. Unfortunately, all reported work uses starch/TPS as a filler
for LDPE to improve the biodegradability of this polyolefin. To the best of our knowledge,
the use of starch as a flame retardant in LDPE formulations has never been reported.

The aim of this work was to develop a new starch-based flame retardant that can be
used in PE formulations. In this way, it will be possible to obtain a low-cost and partially
biodegradable product and reduce or eliminate the need for harmful flame retardants. For
this purpose, various LDPE/TPS blends with different proportions and compositions of
TPS were prepared by means of melt blending. The effect of combining the biobased FRs
developed in this work with a commercial halogenated flame retardant in LDPE blends
was also investigated. The materials were analyzed using scanning electron microscopy
(SEM), tensile tests, thermogravimetric analysis (TGA), the limiting oxygen index (LOI),
flammability (UL 94) and cone calorimetry.

2. Materials and Methods
2.1. Materials

Choline chloride (>99.0%, Acros Organics, Geel, Belgium, Germany), ethanol absolute
(>99.5%, PanReac AppliChem ITW Reagents, Darmstadt, Germany), deuterated chloroform
(CDCl3, Eurisotop, Saarbriicken, Germany), deuterated dimethyl sulfoxide (d¢-DMSO, Eu-
risotop, Saarbriicken Germany), deuterated water (D,0O, Eurisotop, Saarbriicken Germany),
glycerol (>99%, Merck, Darmstadt, Germany), phytic acid (ca. 50% in water, ca. 1.1 mol/L,
TCI Europe, Zwijndrecht, Belgium, Germany) and sodium hydroxide (NaOH, José Manuel
Gomes dos Santos, LDA, Odivelas, Portugal) were used as received.

IsoAdditive FR L069 flame retardant (brominated-based additives in LDPE carrier)
was kindly supplied by Isolago (Aveiras de Baixo, Portugal) and used as received.
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Potato starch, low-density polyethylene (LDPE) with a melting temperature of 140 °C
(Maxxam™) and polyethylene-graft-maleic anhydride (PE-g-MA, Orevac OE825, SK-fp)
were kindly supplied by Componit (Vila Cha de Ourique, Portugal) and used as received.

2.2. Techniques

TPS and LDPE/TPS blends were prepared by means of melt blending using a labora-
tory mixer HAAKE™ PolylabTM QC (Thermo Scientific™, Waltham, MA, USA).

We recorded 400 MHz 'H nuclear magnetic resonance (\H NMR) spectra of the
compounds using a Bruker Avance II 400 MHz Spectrometer (Bruker Biospin, Wissemboug,
France) with a 5 mm TIX triple resonance detection probe.

Fourier transform infrared (FTIR) spectra were obtained in the range of 4000 to
750 cm !, with 4 cm ™! spectral resolution and 64 accumulations, at room temperature
using an Agilent Technologies Carey 630 spectrometer (Agilent, Santa Clara, CA, USA)
equipped with a golden gate single reflection diamond ATR.

The mechanical properties of the blends were accessed via tensile tests using a Chatil-
lon TCD100 machine (Transcat, Rochester, NY, USA) at 5 mm/min speed and a load cell of
5 kN, with at least 5 specimens (10 & 0.5 mm x 70 & 0.5 mm).

Samples for scanning electron microscopy (SEM) analysis were prepared using the
fraction surface of the tensile test’s specimens. The fracture surface was coated with gold
and analyzed in a Field Emission SEM ZEISS MERLIN Compact/VP Compact Gemini II
(Zeiss, Madrid, Spain).

Vertical flammability assays were conducted by AIMPLAS (Spain) following the UL
94:2013 standard [21].

LOI assays were conducted by AIMPLAS (Spain) using the Netzsch-Taurus Oxygen
(Netzsch, Bobingen, Germany) system following the standard UNE-EN ISO 4589-2:2017 [22].
Average sample thickness (mm): 1.5; average sample width (mm): 10.

Cone calorimeter tests were conducted by AIMPLAS (Spain) using the FTT ICONE
CLASSIC machine (Fire Testing Technology, East Grinstead, UK) and following the standard
EN ISO 5660-1:2015 [23]. Conditions: exhaust flow rate (L/s): 0.24; irradiance (kW /m?):
50; orientation: horizontal; separation (mm): 25; wire grid: No; N of specimens: 3; average
sample thickness (mm): 1.5; pre-conditioning 48 h at 23 4= 2 °C, 50 &= 10%RH; environmental
conditions: 23 + 2 °C; 50 &+ 10%RH

Thermogravimetric (TG) analyses were carried out using a NETZSCH STA 44F5
(Netzsch, Selb, Germany), from 20 °C to 500 °C, at a heating rate of 10 °C-min~!, under
nitrogen purge flow (sample weight in the range of 5 to 10 mg).

2.3. Procedures
2.3.1. Synthesis of Choline Phytate

CPA was prepared according to the procedures described in the literature [24]. First,
choline hydroxide ([Chol][OH]) was prepared using the ion exchange method. For this
purpose, NaOH (28.0 g, 0.7 mol) and choline chloride ([Chol][Cl]), 97.7 g, 0.7 mol) were
dissolved in 375 mL and 250 mL of absolute ethanol, respectively. The solutions were
mixed and stirred at room temperature for 1 h. The formed white precipitate (sodium
chloride) was removed via vacuum filtration, and the solution of [Chol][OH] in ethanol
was obtained. Phytic acid (77.2 g, 0.117 mol) was then dissolved in 100 mL of absolute
ethanol. The phytic acid solution was added to the [Chol][OH] solution and stirred for 1 h
at 30 °C. The ethanol was removed under reduced pressure. Finally, CPA was obtained
after drying under reduced pressure at 80 °C for 24 h. The chemical structure of CPA was
confirmed through 'H NMR spectroscopy (Figure S1).

2.3.2. Preparation of TPS

Potato starch was plasticized by two different methods, giving TPS-G (plasticized with
glycerol and water) and TPS-G-CPA (plasticized with glycerol, water and CPA). Table 1
shows the composition of each TPS type.
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Table 1. Composition of the two types of TPS prepared.

Sample Potato Starch (wt%) Glycerol (wt%) Distilled Water (wt%) CPA (wt%)
TPS-G 62.5 25.0 12.5 -
TPS-G-CPA 50.0 20.0 10.0 20.0

All compounds were placed in a plastic flask and mixed manually with a spatula. The
flask was sealed and the mixture was allowed to stand overnight. The mixture was then
processed via melt mixing at 120 °C (TPS-G) or 140 °C (TPS-G-CPA) for 5 min, at 100 rpm.

2.3.3. Preparation of LDPE/TPS Blends

To prepare LDPE/TPS blends, LDPE, TPS, PE-¢-MA compatibilizer, and a commercial
flame retardant (FR L069, if used) were added to a mixing chamber. The mixtures were
processed at 140 °C with a rotation speed of 100 rpm for 5 min. The obtained mixtures
were cut into small pieces by hand, placed between two silicone squares and pressed in a
Carver® hydraulic press under 0.5 bar at 140 °C for 5 min, followed by cooling at room
temperature. The compounds were produced in the form of sheets with a thickness of
approx. 5 mm.

3. Results and Discussion
3.1. Preparation and Characterization of the Blends

Starch is an inexpensive and naturally occurring polysaccharide that exhibits charring
properties, and has been considered as a potential biobased flame retardant for various
different applications [25,26]. In this work, we investigated the possibility of replacing a
commercial flame retardant (FR L069) used in LDPE formulations with a starch-based flame
retardant, thereby reducing production costs and increasing both the safety and biodegrad-
ability of the final material. Initially, potato starch was plasticized with water and glycerol
to form TPS-G, to obtain starch-based LDPE blends with adequate plasticity. To improve
the efficacy of the developed biobased flame retardants, starch was also plasticized in the
presence of CPA (TPS-G-CPA), as this compound has been described as both a flame retar-
dant and a starch plasticizer [24]. It is worth noting that CPA is also a biobased compound
derived from phytic acid, which is produced by plants to store phosphorus. To increase
the compatibility between hydrophobic LDPE and hydrophilic TPS g or TPS-G-CPA [24]
and ensure the mechanical properties of the blends, a reactive PE-g-MA compatibilizer
was also incorporated into the formulation during the melt blending process (Figure 1).
This copolymer is commonly used in the preparation of PE/TPS blends because the maleic
anhydride groups can react with the hydroxyl groups of starch, while the PE segment has
an affinity for the LDPE matrix [19].

Various LDPE/TPS blends compatibilized with 5 wt% PE-g-MA (optimized content)
were prepared by means of melt blending at 120 °C and 140 °C, respectively, when TPS-G
or TPS-G-CPA was used as the biobased flame retardant (Table S1). Considering that
the objective of this work was to replace a commercial harmful flame retardant in LDPE
formulations with a biodegradable starch-based one, preliminary tests were conducted in
the laboratory mimicking the conditions of the UL 94 standard to evaluate the potential of
the prepared blends as flame-retardant and self-extinguishing materials. For this purpose,
7 cm x 1 cm samples of LDPE/TPS-G(-CPA) blends were positioned vertically above
a Bunsen burner flame and exposed to the flame (approximately 1 cm) for 10 s or until
combustion started (if it occurred in less than 10 s). This time was recorded as the ignition
time. The flame source was then removed and the time until the flame was extinguished
was recorded as the first quenching time. The results (Figure 52) show that all samples
did not extinguish the flame on their own, as they burned completely. However, it is
worth noting that flame retardancy increased with increasing starch content in the blends,
suggesting that this biomolecule indeed has the potential to be used as a flame retardant for
LDPE. Interestingly, the combination of starch and CPA improved the flame retardancy of
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the materials, as shown by the 2.5 times higher quenching time of the blend 47.5 LDPE/47.5
TPS-G-CPA compared to 47.5 LDPE/47.5 TPS-G. Unfortunately, dripping was observed
in all samples, which can be considered detrimental in terms of flame resistance, as this
event may represent an additional ignition source or a process of flame propagation during
a fire [27].
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Figure 1. General scheme of the preparation of (A) biobased FR, TPS-G and TPS-G-CPA and
(B) LDPE/TPS blends.

Although not complete, the replacement of any percentage of a harmful FR with those
based on TPS in the formulations of PE without adverse effects on the performance of the
material is highly desirable from the standpoint of waste management and environmental
protection. Therefore, the effect of incorporating a halogenated commercial flame retardant
(FR69) into the LDPE/TPS-G(-CPA) blends prepared in this work was investigated. Table 2
shows the composition of the LDPE/TPS-G(-CPA)/FR69 blends studied, where the total
flame retardant content was set at 50 wt% and the starch-based flame retardant content
ranged from 9.5 to 38 wt%.

Table 2. Composition of LDPE/TPS-G(-CPA)/FR69 blends compatibilized with PE-g-MA and pre-
pared via melt blending. LDPE/FR69 was used as reference material.

Sample LDPE TPS g or FR69 PE-g-MA
(Wt%) TPS-G-CPA (wt%) (Wt%) (Wt%)
50 LDPE /50 FR69 50 0 50 0
47.5 LDPE/9.5 TPS-G (or TPS-G-CPA)/38 FR69 47.5 9.5 38 5
47.5 LDPE/19 TPS-G (or TPS-G-CPA)/28.5 FR69 475 19 28.5 5
47.5 LDPE/28.5 TPS-G (or TPS-G-CPA)/19 FR69 47.5 28.5 19 5
47.5 LDPE/38 TPS-G (or TPS-G-CPA)/9.5 FR69 47.5 38 9.5 5

FTIR analysis (Figure 2) confirmed the chemical structure of LDPE, namely the bands
at2918 cm~!, 2851 cm !, 1468 cm ! and 718 em !, corresponding to CH, asymmetrical
stretching, CH, symmetrical stretching, bending deformation and rocking deformation,
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Transmitance (a.u.)

respectively [28]. The FTIR spectrum of TPS-G (Figure 2a) was also consistent with the
literature and showed the expected signals of C—O stretching at 920 cm !, 1022 cm~! and
1148 cm !, bound water at 1648 cm !, hydroxyl groups at 3277 cm ™!, CH stretching at
2914 cm~! and glycerol at 1423 cm ! [29]. TPS-G-CPA showed a similar FTIR spectrum
(Figure 2b) to that of TPS-G. The reactive compatibilization between PE-g-MA and TPS-G
was confirmed by the disappearance of the symmetric and asymmetric maleic anhydride
groups of PE-g-MA at 1714 cm ! and 1791 cm !, respectively, in the FTIR spectrum of the
blend (Figure 2a). This indicates successful esterification between the anhydride rings of
the compatibilizer and the hydroxyl groups of TPS [30]. Compatibilization appeared to be
less effective for the blends containing TPS-G-CPA, as indicated by the remaining maleic
anhydride groups of PE-g-MA at 1714 cm ™! in the FTIR spectrum of the blend (Figure 2b).

(b)
—— LDPE —— LDPE
—— TPSG —— TPS-CPA
—— 47.5 LDPE/38 TPS-G/9.5 FR69 —— 47.5 LDPE/19 TPS-G-CPA/ 28.5 FR69
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Figure 2. FTIR spectra of LDPE (black line), TPS-G (pink line), 47.5 LDPE/38 TPS-G/9.5 FR69 (blue
line), PE-g-MA (orange line), TPS-G-CPA (purple line) and 47.5 LDPE/19 TPS-G-CPA /28.5 FR69
(green line). (a) LDPE/TPS-G-based blend and (b) LDPE/TPS-G-CPA-based blend.

To further evaluate the compatibility of LDPE/TPS/FR69 blends, representative sam-
ples were analyzed using SEM. Images of the surface of the blends (Figure 3) showed that
both the control sample (LDPE/FR69 blend) and the blend with TPS-CPA had a similar
appearance, while the blend with TPS-G had a rougher surface. However, all samples
exhibited a smoother surface than that of non-compatibilized LDPE/TPS reported in the
literature [31,32], confirming the role of PE-g-MA as an enhancer of the interaction between
LDPE and TPS. Images of the fractured surfaces (cross section in Figure 3) confirm the FTIR
results, indicating that the compatibilization of blends containing TPS-G-CPA was less
effective, as indicated by the small gaps between a minority of TPS-G-CPA particles and the
LDPE matrix. On the other hand, the sample containing TPS-G appeared to have a continu-
ous phase between the starch particles and the LDPE, indicating better compatibilization,
even at 40 wt% TPS-G compared to 19 wt% TPS-CPA.

3.2. Mechanical Analysis

The incorporation of starch into LDPE is expected to result in a loss of mechanical
properties of the polyolefin [18]. To investigate the extent of this event, LDPE/TPS-G(-
CPA)/FR69 blends with different starch contents were subjected to tensile testing. The
results shown in Figure 4 indicate that blends with a TPS-G(-CPA) content of up to 30 wt%
generally exhibit similar tensile strength to LDPE/FR69, which was used as the reference
material. However, as expected, elongation at break decreased dramatically with increasing

176



Polymers 2023, 15, 4078

TPS-G(-CPA) content in the blends. Interestingly, the results also confirmed the plasticizing
effect of CPA, as the blends containing this molecule (TPS-G-CPA) generally exhibited
higher elongation at break than the blends containing TPS plasticized only with glycerol
and water (TPS-G) (Figure 4).

Cross section Surface

LDPE/TPS-G/FR69

LDPE/FR69

LDPE/TPS-G-CPA/FR69

Figure 3. SEM images of the cross section and surface of LDPE/TPS/FR 69 blends, 1 kV and
x500: 47.5 LDPE/38 TPS-G/9.5 FR 69 (top); 47.5 LDPE/ 19 TPS-G-CPA /28.5 FR69 (middle) and
50LDPE/50FR 69 (bottom). Analysis conditions: EHT = 1.00 kV; Magnification = 500 x.
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Figure 4. Tensile strength and elongation at break of (a) LDPE/TPS-G/FR69 blends and
(b) LDPE/TPS-G-CPAFR69 blends. LDPE/FR69 was used as a reference material.
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3.3. Fire Behavior

Preliminary flammability tests were conducted to evaluate the potential of LDPE/TPS-
G(-CPA)/FR69 blends as flame retardant materials. The tests were conducted in the same
manner as previously described for LDPE/TSP-G(-CPA) blends, but this time the materials
were re-ignited with a flame after the initial quenching, and the time until the flame was
extinguished was recorded as the second quenching time. Compared to LDPE/TPS-G(-
CPA) blends (Figure S2), LDPE-based blends containing both commercial and starch-based
flame retardants exhibited higher flame resistance, as reflected by higher ignition times
and lower extinction times (Figure 5). In fact, LDPE/TPS-G(-CPA)-based samples with up
to about 30 wt% starch-based flame retardant showed very impressive results compared
to the reference (LDPE/FR 69) (Figure 5a). At higher levels of TPS-G, the samples burned
longer but still self-extinguished, which is very encouraging. Unexpectedly, the same
behavior was not observed with the mixtures containing TPS-G-CPA (Figure 5b), which
exhibited a longer first quenching time but were unable to support the second burn cycle.
Investigation of this behavior is beyond the scope of this paper, and the results will be
published elsewhere.
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Figure 5. Preliminary burning tests conducted in the laboratory and mimicking the UL94 test for
(a) LDPE/TPS-G blends and (b) LDEP/TPS-G-CPA blends. LDPE with a commercial flame retardant
(76 LDPE /24 FR 69) was used as a reference material.

Blends with higher TPS content and higher flame retardancy in preliminary burning
tests (47.5 LDPE/38 TPS-G/9.5 FR69 and 47.5 LDPE/19 TPS-G-CPA/28.5 FR69) were
selected for further characterization and evaluation of their flame retardancy. LDPE with
50 wt% commercial flame retardant (50 LDPE /50 FR 69) was used as a reference material.
The LOI can provide information about the relative flammability of polymers, as it indicates
the minimum percentage (vol%) of oxygen in the atmosphere that can sustain a flame on a
material. Therefore, the higher the flammability of the material, the lower the LOI value. It
is noteworthy that the samples in which a portion of the commercial flame retardant was
replaced with the starch-based products developed in this work have a similar LOI value
to the reference material that contained only the commercial flame retardant (Figure 6). All
tested blends are almost as good as “self-extinguishing” materials (LOI > 28%) [33], i.e.,
with good flame retardancy. Vertical UL 94 standard tests were conducted to evaluate the
flammability of the LDPE-based blends. While LDPE containing the commercial flame
retardant was rated VO (self-extinguishing within 10 s with no dripping), both LDPE blends
containing the bio-based and commercial flame retardant showed poorer results, as these
samples took longer to self-extinguish and exhibited dripping (V2 rate, Figure 6).
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Figure 6. LOI and UL 94 rate (VO, V2) of selected LDPE/flame retardant blends. V0: Burning stops
within 10 seconds on a vertical part allowing for drops of plastic that are not inflames; V2: Burning
stops within 30 seconds on a part allowing for drops of vertical flammable plastic.

The fire behavior of LDPE/flame retardant blends was evaluated using cone calorime-
try, which mimics realistic fire conditions and provides several valuable parameters, partic-
ularly the rate of heat release rate during combustion. To increase the flame resistance of
LDPE/flame retardant blends and reduce flame spread, it is desirable to have a low total
heat release (THR) or a low peak of heat release rate (pHRR) [34]. The results presented in
Table 3 show that both blends containing TPS have similar THR values, but they are about
30% higher than those of the reference material. Nevertheless, it is interesting to note that
the pHRR value was similar for all LDPE/flame retardant blends (around 650 kW /m?). The
values obtained for time to ignition (TTI) values in Table 3 show that the samples containing
TPS started to burn two times faster than the samples containing only the commercial flame
retardant. The results also show that the content of effective combustion components in
LDPE could be reduced by using the biobased TPS-G-CPA flame retardant, as evidenced by
the lower effective heat of combustion (EHC) of the corresponding LDPE blend compared
to the reference material and the blend containing TPS-G. The propensity for fire develop-
ment can be evaluated using the maximum average rate of heat emission (MARHE), which
is the cumulative heat emission during the cone calorimetry test divided by time [35]. Both
samples with the biobased FR had a higher MARHE (8% and 24%, respectively) than the
reference material. However, it is important to note that the fire resistance of materials is
affected by several parameters mentioned above. One way to evaluate overall fire safety
is to determine both the fire performance index (FPI = TTI/pHRR) and the fire growth
index (FGI = pHRR/tpHRR) [36]. For low fire risk and high safety levels, it is desirable to
maximize FPI and minimize FGI. The results presented in Table 3 show that the FPI was
reduced by 43% when 76% and 38% of the commercial flame retardant was replaced with
TPS-G and TPS-G-CPA, respectively. However, it is noteworthy that the blend in which
38% of the commercial flame retardant was replaced with TPS-G-CPA showed a significant
reduction (43%) in FGI, indicating that the blends may contribute to lower fire spread than
the reference material.
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Table 3. Cone calorimetry results of selected LDPE/flame retardant blends.

Sample 50 LDPE/50 FR69 47.5 LDPE/38 TPS-G/9.5 FR69 47.5 LDPE/19 TPS-G-CPA/28.5 FR69

pHRR (kW /m?) 651.56 621.48 663.01
toHRR (5) 453.3 325.0 808.0
THR (MJ/m?) 25.56 34.25 32.27
TTI (s) 46.3 22.3 27.7

EHC (MJ /kg) 14.97 14.12 10.00

MARHE (kW /m?) 184.83 229.08 200.19
FPI (m?/kW) 0.07 0.04 0.04
EGI (kW/m? - s) 1.44 1.91 0.82

PHRR: peak of heat release rate; t,nrr: time to peak of heat release rate; THR: total heat released; TTI: time
to ignition; EHC: effective heat of combustion; MARHE: maximum average rate of heat emission, FPI: fire
performance index; FGI: fire growth index.

3.4. Thermal Analysis

The thermal stability of the blends was investigated via TGA, and the TG and DTG
curves are shown in Figure 7. The weight loss profile (Figure 7a) shows that the decomposi-
tion of the blends followed a similar and expected four-step decomposition process, with
(i) moisture loss (T ~ 128 °C), (ii) degradation of glycerol (T ~ 270 °C), (iii) degradation
of starch, CPA, and FR69 (T ~ 350 °C), and (iv) degradation of LDPE (T ~ 475 °C) [24,37].
The blend containing starch plasticized in the presence of CPA exhibited higher thermal
stability than the blend containing TPS-G, as judged by both Tsyt, and T1owte, of the sam-
ples (Table 4). In addition, the char residue of the mixture containing 19 wt% TPS-G-CPA
was 10.5% at 600 °C, while the residue of the mixture containing about twice the amount
(40 wt%) of TPS-G was 6.5% (Table 4). These results indicate that CPA can indeed improve
the charring ability and flame retardancy of starch. Similar observations have been made in
the literature [24]. As expected, the reference material (50 LDPE/50 FR69) exhibited higher
thermal stability than the starch-containing blends.
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Figure 7. Thermogravimetric curves (a) TG and (b) DTG of the blends 47.5 LDPE /38 TPS-G/9.5 FR69
and 47.5 LDPE/19 TPS-G-CPA /28.5 FR69 under nitrogen atmosphere.

Table 4. Thermal properties of the blends obtained by means of TG analysis.

Sample Tswio O ? T1owtss (°C) P CRyopoc (%) €
50 LDPE /50 FR69 337.9 349.4 3.0
47.5 LDPE /38 TPS-G/9.5 FR69 191.7 264.3 6.5
47.5 LDPE /19 TPS-G-CPA /28.5 FR69 230.6 281.2 10.5

2 Tswio: temperature at 5% weight loss; b T owton: temperature at 10% weight loss; ¢ CRggpoc: char residue at

600 °C.
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4. Conclusions

In this work, the possibility of using starch as a natural flame retardant for LDPE
was investigated. Different blends of LDPE/TPS g and LDPE/TPS-G-CPA were prepared
by means of melt blending in the presence of PE-g-MA as a compatibilizer. The results
of FTIR spectroscopy and SEM analysis showed that there was good compatibilization
between starch and LDPE. However, this was less effective when TPS-G-CPA was used.
Nevertheless, the mechanical properties of both blends were similar in terms of tensile
strength. The plasticizing effect of CPA was confirmed by an increase in elongation at
break of the LDPE/TPS-G-CPA blends compared to those with TPS-G. Acceptable fire
behavior was achieved by combining the starch-based FR with a commercial flame retar-
dant (FR69), with the most promising blends being 47.5 LDPE/38 TPS-G/9.5 FR69 and
47.5 LDPE /19 TPS-G-CPA /28.5 FR69. These blends had a similar LOI (about 28%) to that
of reference blend containing only the commercial flame retardant (50 LDPE/50 FR69).
CPA not only imparts higher plasticity to the starch, but also improves the charring ability,
flame retardancy, and effective combustion component content of the blends, as well as a
43% reduction in fire growth index compared to the reference blends, suggesting that it
may contribute to lower fire spread in the event of a fire. These results indicate that starch
plasticized in the presence of water, glycerol and CPA has a promising future as a safe and
cost-effective flame retardant for LDPE formulations.
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/ /www.mdpi.com/article/10.3390/polym15204078/s1, Figure S1: The 400 MHz 'H NMR spectrum
of CPA in D,O; Table S1: Composition of LDPE/TPS-G(-CPA) blends compatibilized with PE-g-MA
and prepared by melt blending. LDPE was used as reference material (100LDPE code); Figure S2:
Preliminary burning tests conducted in the laboratory and mimicking the UL94 test for (a) LDPE/TPS-
G blends and (b) LDEP/TPS-G-CPA blends. LDPE was used as reference material.
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Abstract: This comprehensive review provides an in-depth analysis of the use of biomaterials in the
processes of guided tissue and bone regeneration, and their indispensable role in dental therapeutic
interventions. These interventions serve the critical function of restoring both structural integrity and
functionality to the dentition that has been lost or damaged. The basis for this review is laid through
the exploration of various relevant scientific databases such as Scopus, PubMed, Web of science and
MEDLINE. From a meticulous selection, relevant literature was chosen. This review commences
by examining the different types of membranes used in guided bone regeneration procedures and
the spectrum of biomaterials employed in these operations. It then explores the manufacturing
technologies for the scaffold, delving into their significant impact on tissue and bone regenerations.
At the core of this review is the method of guided bone regeneration, which is a crucial technique for
counteracting bone loss induced by tooth extraction or periodontal disease. The discussion advances
by underscoring the latest innovations and strategies in the field of tissue regeneration. One key
observation is the critical role that membranes play in guided reconstruction; they serve as a barrier,
preventing the entry of non-ossifying cells, thereby promoting the successful growth and regeneration
of bone and tissue. By reviewing the existing literature on biomaterials, membranes, and scaffold
manufacturing technologies, this paper illustrates the vast potential for innovation and growth within
the field of dental therapeutic interventions, particularly in guided tissue and bone regeneration.

Keywords: dental biomaterials; guided bone regeneration; guided tissue regeneration; tissue engineering;
biocompatible polymers; membranes; scaffolds

1. Introduction

The field of periodontology has seen considerable advancements in recent years, with
a keen focus on therapeutic strategies for restoring periodontal lesions and regenerating
lost jawbone through cellular proliferation. Central to this endeavor is the availability of a
substantial volume of hard bone tissue, the foundation for successful implant treatments [1].

The complex architecture of a healthy periodontium, with its multilayered structure
and dynamic interplay of cells, tissues, and molecular factors, is fundamental to oral
health. However, the periodontium can fall prey to a range of pathological conditions,
leading to tooth loss and degenerative changes [2]. These conditions necessitate a host of

Copyright: © 2023 by the authors.

Licensee MDPIL Basel. Switzerland.  diverse treatment modalities, from traditional periodontal therapies to more contemporary,

regenerative procedures.

In the realm of regenerative therapies, guided bone regeneration (GBR) and guided
tissue regeneration (GTR) have garnered significant attention. Primarily, GBR focuses on
the regeneration of alveolar bone in edentulous regions, while GTR is tasked with repairing
compromised periodontal tissues [3,4]. Both these techniques leverage the utility of a
40/). porous polymer membrane to physically impede the infiltration of undesirable tissues and
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cells into the lesion site [4]. This strategy aids in fostering an environment conducive for
the proliferation of required cells [5].

GBR and GTR techniques play a wide array of roles, with GBR involved in maintaining
and enhancing the alveolar ridge, correcting implant contractions or fenestrations, and
promoting bone regeneration around implants [6]. Conversely, GTR is engaged in the
regeneration of the periodontal ligament (PDL), bone, and cementum in proximity to the
tooth [7].

However, successful bone and tissue regeneration are not merely reliant on the pre-
vention of undesirable cell infiltration; they also demand the presence of osteogenic cells,
alongside osteoconductive and osteoinductive materials [8]. Membranes, integral to GBR
and GTR, should exhibit excellent biocompatibility and extended functional stability. They
are also expected to ensure the spatial and biomechanical stability of the lesion site by
filtering disruptive cells and tissues and protecting the emergent tissue [9].

Furthermore, these membranes are classified into several types based on their com-
position and bioactivity, such as bioabsorbable, non-resorbable, and metal and inorganic
compound membranes [10]. In the latter part of this review, the pivotal role of scaffold
manufacturing technologies, as a subset of these membrane technologies, in bone and
tissue regenerations will be thoroughly discussed. This provides a unique vantage point to
appreciate the wide spectrum of cutting-edge strategies that have been developed for the
regeneration of bone and tissue in the periodontal context.

2. Materials and Methods

To conduct this comprehensive review, we sourced primary data from several estab-
lished scientific databases, including Scopus, PubMed, and MEDLINE. Our objective was
to unearth the most relevant and impactful literature relating to the use of biomaterials in
guided tissue and bone regeneration procedures.

Our search strategy was developed with a focus on several key terms and phrases

/s

pertinent to our study. These include “biocompatible materials”, “membrane”, “bone
regeneration”, “tissue regeneration”, and “dental biomaterials”. We meticulously scanned
all abstracts yielded by these search terms and selected full-text articles that aligned most
significantly with our study’s aims and objectives.

The review process involved a rigorous methodological approach. All selected articles
underwent detailed evaluation, where data relating to the membrane types and range
of biomaterials used for tissue and bone regeneration were extracted and scrutinized.
In addition, we paid particular attention to articles that discussed the role of scaffold
manufacturing technologies in these regenerative procedures.

Furthermore, we performed a narrative synthesis of the data obtained. The synthesis
was aimed at providing a comprehensive overview of the current understanding and
advancements in the use of biomaterials for guided tissue and bone regeneration, as well
as the role of membranes in preventing the ingress of non-ossifying cells.

The exclusion criteria applied in the literature review process helped to maintain the
focus and relevance of this study. Articles that did not focus on dental tissue and bone
regeneration, used non-biocompatible materials, or did not discuss the use of scaffold man-
ufacturing technologies were excluded from the review. Additionally, articles published in
languages other than English were not considered.

This methodical approach ensured the selected literature was of high quality and
relevant to our study, thereby supporting a more accurate and comprehensive review of
the subject matter.

3. Results

Current periodontal treatment approaches are targeted at minimizing and/or re-
moving inflamed tissues induced by bacterial plaque, repairing deficiencies or structural
abnormalities, and regenerating new tissues in the region of lost tissues [11-13]. Various
methods mentioned previously are only able to stop the progress of the problem, but are
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unable to reverse the damage or replace the lost tissue [14]. Bone grafting, enamel matrix
derivative (EMD) and guided regeneration therapy are now used in the development of
tissues that have been infected by periodontal diseases. To a certain degree, the overall
structure and function of the damaged tissue can be restored [13].

3.1. Historical Viewpoint on Approaches to Periodontal Regeneration

The concept of placing a physical barrier along the tooth root surface after periodontal
surgery to prevent epithelial downgrowth was first proposed in the 1970s [15] (Figure 1).

- Clinical development - Evidence of long-term
of Guided Tissue clinical efficacy.
Regeneration.
)

1980

- Retardation of epithelial migration. - Scientific confirmation - Ut_ilisation of additivt_e ma_nufa_cturing for
of the principles of GTR periodontal regeneration inanimal models.

- Prediction of the regenerative capacity in an animal model

of the periodontium. - Firstclinical report involving a customised

3D printed polymeric construct for the

treatment of periodontal lesions.
Figure 1. Timeline of periodontal regeneration approaches: from the original idea involving a free
palatal graft for inhibiting epithelial migration to the most current developments involving additively
engineered polymeric multiphasic scaffolds for periodontal tissue engineering.

Indeed, physicians had previously hypothesized that the collapse of gingival tissues
into periodontal defects seriously impeded bone resorption [16,17]. Several early experi-
ments suggested the placing of a harvested free palatal graft over the periodontal defect
in order to delay or at least obstruct the downgrowth of epithelium around the tooth root
surface [15]. Another popular procedure included the insertion of bone grafts (allogenic,
autologous, or synthetic) obtained from the patient inside the periodontal defect to regener-
ate the missing bone [18]. However, neither of these methods is successful for periodontal
recovery, and only periodontal healing is observed in the context of a fresh junctional
epithelium. After researching the clinical and laboratory evidence, it can be hypothesized
that the lack of compartmentalization between the periodontal defect and the underlying
soft tissue was the cause of low regeneration rates. The problem of selective periodontal
defect repopulation by tissues capable of fostering periodontal regeneration was presented
in a series of pioneering papers by Nyman et al., which contributed to the development of
the principle of guided tissue regeneration (GTR) [15,19].

3.1.1. Bone Graft Procedure

Bone grafts have been an option for a long time to successfully deal with the effects of
periodontal disease, such as bone loss and damage. A bone graft is meant to fill the space
that originated from the damaged tissue with a material that possesses certain qualities
and characteristics (Figure 2). There are several types currently available, such as allografts,
xenografts, alloplastic, and autograft materials. These kinds of graft materials are able to
facilitate natural osseous repair through some mechanisms that have already been properly
characterized [18,20,21]:

e  Osteogenesis: The graft possesses cells that function as seeds for the continuous
growth of the tissue by forming a bone matrix.

e  Osteoinduction: The graft can release factors and biochemical signals that stimulate
the formation of new bone by cells.

e  Osteoconduction: The graft works as a scaffold on which the host bone develops.
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Figure 2. A schematic diagram of the management of periodontal defects by a bone graft technique.
(A) Placing the graft. First, a gum flap is created. Growth factors may then be applied to the root.
Graft material is packed into the area where bone was lost. (B) Closing up. The gum is closed and
sewn together. (C) After the area heals. Stitches dissolve or are removed.

Diverse graft materials can be categorized into four general types that are shown in

Table 1.

Table 1. Bone graft classification by material source. adapted from [20,21].

Type Source Benefit Risk
e  Osteogenic, osteoinductiveand e  Morbidity at donor sites
Autograft Patient osteoconductive ° Amount of bone volume is
& . No immunological rejection limited.
living cells and matrices e  Rapid absorption
g Demineralized
g freeezneugfirea dllza(f)ne ° Osteoinductive and ° Potential of infection and
5 - . . . . .
Allograft £ allograft (DFDBA) osteoconductive immunological rejection
]
% Freeze-dried bone ° Osteoinductive and ° Potential of infection and
é allograft (FDBA) osteoconductive immunological rejection
° Potential of infection and
Other species . immunological rejection
Xenograft (Mostly bovine) *  Osteoconductive e  Slow resorption or
non-resorbable
Sintered o ducti ° Slow resorption or
o hydroxyapatite (HA) ~ * steoconductive non-resorbable
ki -tricalcium phosphate
Alloplast = B TC?P P Osteoconductive e  Rapid resorption
2 (B-TCP)
@ Natural products . Osteoconductive, low ° Slow resorption or

(coral, chitosan, etc.)

immunological rejection

non-resorbable

In the past, research publications have reported that at least 3.0 mm of bone height
can be acquired, regardless of which material the graft is made of [21,22]. Probably the
best option for osteogenesis, osteoconduction, and osteoinduction is autologous bone since
it shares all of its properties with the surrounding bone. In this type, a part of the bone
structure is extracted from a normal and un-damaged area of the patient who is getting the
graft. The structure that is compatible and inherent to this type makes it very advantageous
since it has the same vital bone structures in critical regions and includes nutrients, proteins,
and cells as those found in the affected site. However, the autoimmune grafts come with
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some disadvantages, such as increasing the patient’s pain at the same site of the excision.
In addition, only small amounts of bone can be extracted without incurring permanent
damage to the patient.

Due to these drawbacks, several xenografts, bone grafts, as well as allogeneic materials
have been designed and approved for commercial use [23]. It is important to note that
clinicians must take into account the risks associated with these materials, such as infection,
resorption, and immune responses. Currently, two types of allografts are available: freeze-
dried bone allograft (FDBA) and demineralized freeze-dried bone allograft (DFDBA). These
grafts are pre-treated chemically; they keep their osteoinductive capabilities due to the
conservation of certain proteins, such as BMPs and TGF-s. These proteins work as powerful
growth stimulants and induce the mobilization of cells from the mesenchyme into the
implant. The overall process of demineralization enhances the excretion of these highly
important factors into the extracellular medium [21,24].

The grafts that are extracted from animals, mainly farm cattle, are called xenografts.
They go through chemical treatment in order to remove their inherent antigens, in order
to avoid the human body’s natural immune response. The greatest advantage in using
these products lies in the fact that the general structure of the graft can be maintained,
and this is because of the prolonged amounts of time required for these materials to be
resorbed. These materials are capable of osteoconductivity and little else. However, the
overall safeness and efficacy of them have been proved to be clinically relevant [21,25].

Due to the risks related to these types of grafts, scientists have also conducted investi-
gations into the use of synthetic alternatives, which include composite grafts, polymer and
inorganic materials, to repair osseous tissue [26]. In particular, materials such as hydroxya-
patite and p-tricalcium phosphate (3-TCP) have become of increasing clinical importance
when studying periodontal diseases. Furthermore, even though synthetic materials lack
osteogenic and osteoconductive capabilities, their osteoconductive properties make them
excellent options for bone regeneration. Recently, in a study by Schmidlin et al. (2013), it
was found that polylactide-coated TCP was sufficient to repair problems in the rabbit’s
bone structure, all of this while retaining its biocompatibility [27].

Certain products of natural origin, such as coral, have been shown to be able to be used
as bone grafts due to their similarity to human bone structure [28]. Similarly, to synthetic
materials, numerous natural products have been proven safe for human use and are very
cost-efficient. However, they are still only osteoconductive [21].

3.1.2. Guided Regeneration Therapy

The key aim of periodontal regeneration is to establish new cementum with peri-
odontal ligament (PDL) fiber attached to the alveolar bone and promote new bone growth.
Currently, there are two surgical approaches that have been used for regenerating peri-
odontal tissues. These are guided tissue regeneration (GTR) and guided bone regeneration
(GBR) [12,29,30]. The concept of guided tissue/bone regeneration began in the late 80s and
was developed by Nyman et al. (1990) based on Melcher’s theory. This theory hypotheses
that when cells with regenerative capabilities are associated with damaged tissues, they
can actually be used to aid in the regeneration of that tissue [19]. The hypothesis has been
successfully proven in various animal experiments, and the principle of guided tissue
regeneration (GTR) has been confirmed [12,15,29].

GTR refers to the procedure of regenerating periodontal tissue through the use of an
occlusive barrier membrane between gingival (epithelial) and alveolar bone/PDL tissue.
In this operation, an occlusive membrane will be inserted onto the surgical site in order to
inhibit the migration of connective and epithelial tissue through the surgical site [12,15,29].
Progenitor cells that existed in the lining of the residual periodontal ligament, correspond-
ing alveolar bone, or blood can then re-colonize the root region and divide into new
periodontal supporting components [29]. The guided bone regeneration (GBR) approach is
often used to repair defective alveolar ridges before or in conjunction with the placement
of a dental implant at extraction sites. In GBR, a bone defect is protected by a membrane to
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stop fiber tissue intrusion into the site of the graft and to promote the development of a
new bone. Intrabony abnormalities and furcations are also treated with GBR [12,15,29].

In order to promote the development of healthy bone structures surrounding bone
defects, GBR permeable membranes can be utilized (Figure 3). GBR membranes can also be
used in order to preserve the socket area that may be around the tooth due to the presence
of periodontal disease, and can even be used to regenerate bone structure at the tooth site
after it has been misplaced or extracted [31].
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Figure 3. Schematic of GTR is a technique used to repair periodontal defects. (A) The gum is opened
with a procedure known as a flap. Then, a membrane (with or without the bone graft material) is
placed over the damaged bone. (B) Closing up. The gum is closed and sewn together. (C) After the
area heals. Stitches dissolve or are removed.

The efficacy of this therapeutic approach was later verified by Gottlow et al., who
effectively extended it to a large group of patients [32,33]. Subsequently, the theoretical
and biological basis of GBR has been confirmed during the last three decades in several
studies [34], and the effectiveness of the procedure has been shown in a multitude of clinical
trials [35] and recorded in comprehensive reviews [15,36].

Guided regeneration has been shown to have many benefits when it comes to tissue
regeneration over more conventional surgery approaches such as open-flap debridement,
which is usually used to address intrabony defects and mild to moderate furcations [15,36].

The concept behind bone augmentation protocols mainly relates to the enhancement
in function and aesthetics and can also be used to improve the functions of fixed dental
prosthetics, including dental implants and fixed dentures. This procedure greatly helps
in correcting contour deficiencies associated with the replacement of artificial teeth as
well as offering a friendlier solution to altered speech patterns due to the uncovered areas
frequently left between gingival tissues and the restoration [15,37].

3.1.3. Biologic Principles for Guided Regeneration Therapy

In order to successfully develop an engineered tissue, the following essential elements
are required: properly defined levels and patterns of regulatory signals; an abundance of
progenitor cells; a sufficient blood supply; and an appropriate biomaterial scaffold [38].
Whereas cells serve as the processing facility for the formation of newly formed tissue and
the differentiation of cells. Cells require external stimuli in order to stimulate growth and
matrix synthesis. These can be provided by growth factors or morphogens. New vascular
networks are promoted as a result of angiogenic signals, which supply nutrients for tissue
growth and maintenance. The three-dimensional architecture of scaffolds aids in directing
cell regeneration [11,15].
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The healing process for periodontal surgery wounds follows the same three stages as
any other incisional wound. Initially, a fibrin clot is shaped along the flap’s margin and the
root surface. Then, a connective tissue matrix attached to the root surface takes the place of
the fibrin clot [39]. By keeping the fibrin attached, a new connective tissue bond can form
on the root’s outer surface. However, a long-bonding epithelial connection forms if the
limit of the fibrin clot’s tensile strength is surpassed [15,40,41].

In general, the method of periodontal healing is more complicated than other wounds
by considerations such as the involvement of various specific cell types and complexity
of attachments; avascular root surfaces; different microbial flora; and stromal-cellular in-
terfaces [42]. The first biological reaction that happens after the installation of the barrier
membrane is the action of the tissue-membrane interface to absorb the plasma protein.
Hence, the related growth factors and progenitor cells, which play an important role in
tissue repair, are attracted to the surface of the membrane with the help of proteins [43].
In order to provide nourishment to the new tissue in the barrier membrane, which pro-
tects defects, much of the vascular supply comes from blood vessels that originate in the
marrow [44]. This further explains why it is vital to plan multiple perforations in cortical
bone (also called intra-marrow penetration), as this assists in the production of an excess of
angiogenic and osteogenic cells as a means of creating new blood vessels and constructing
new bone tissue. This serves two objectives: first, it induces bleeding or blood clotting
around the grafts in order to induce bone formation around the grafts, and second, it
increases the number of factors that raise the likelihood of bone growth [15,37,41].

There is also controversy about the effector cells in periodontal regeneration. Some
reports indicate that PDL cells have the potential to behave as osteoblasts or cementoblasts
when they are supplied with growth factors and allowed to proliferate. Other data indicate
that PDL cells have the ability to regulate mineral formation, so this will help avoid ankylo-
sis when undergoing regeneration [45]. In other studies, PDL cells in vivo and in vitro have
been reported to exhibit minimal osteoblastic properties [42,45]. However, other studies
argue that osteoblasts, and not PDL cells, are responsible for generating cementum-like
material [17,46,47]. Such variations can be attributable to PDL cell heterogeneity, differing
study designs, and/or loss of cell properties defined in vitro research. In summary, the
majority of evidence points to PDL cells as the main source. Some reports also point to
bone cells as the origin of regenerative cells [15,41,48].

3.2. Requirements of GTR/GBR Membranes

GTR and GBR membranes need to fulfil specific requirements to be most effective and
successful [49]. These requirements can be summarized as follows:

e  Cell exclusion: A growth guide membrane can be used to separate several types of
unwanted tissue (e.g., epithelial cells) as well as get access to the site of interest [50].

e  Framework: A more rigid framework is frequently necessary when clinical cases need
more space maintenance in order to prevent membrane compression into the defect
site. Bone grafts can provide this support [49,51].

e  Porosity: In order to achieve appropriate cell growth and proliferate, the cells must
have an underlying high-pore structure [9].

e  Degradation: It is important to provide a degradation profile that suits the tissue regen-
eration, which takes approximately four to six weeks. Ideally, the membrane should
fully degrade after it fulfils its purpose without leaving any residual materials [52].

e  Stabilization: To prevent mechanical disturbances from the outside and overhanging
of flap movement during the process of healing. Mini screws or sutures, can be used
to keep the membrane in place [49].

e  Clinical manageability: The membrane and the barrier need to possess physical
characteristics that enable their handling by the clinician [53].

e  Biocompatibility: Inflammation should be avoided at all costs in order to avoid in-
creased morbidity and costs [49,54].
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Owing to the large number of scaffolds that can be made from a wide range of materi-
als, these materials have differing degrees of degradation and integrity. These scaffolds can
often induce immune reactions in the hosts [55]. The following section discusses commer-
cial membranes, whether non-absorbable or absorbable, in guided regeneration therapy.

3.3. Types of Commercial Membranes Used in Guided Regeneration Therapy

Barriers used in bone/tissue regeneration procedures have varying degrees of dete-
rioration and properties and, therefore, have generally been divided into resorbable or
non-absorbable membranes. Gottlow, (1993) was the first to divide these membranes into
two generations depending on when they were created and developed; the first generation
consists of non-resorbable membranes, while the second generation contains all resorbable
membranes [56]. Before Elgali et al. (2017) reviewed this classification and added a new
group, Third generation, its membranes rely on naturally derived sources combined with
bone grafts and alternative materials to provide structural support to the defect site and to
promote the intrinsic regenerative potential of the host tissue [5,15,41].

The following sections discuss the various commercially available periodontal mem-
branes classified as non-resorbable or resorbable materials and are summarized in Table 2.

Table 3 includes a list of the primary biomaterials used in bone tissue engineering,
along with their key characteristics.

3.3.1. First-Generation Membranes: Non-Resorbable Guided Membranes

In the 1960s and 1970s, the first generation of barrier membranes were developed with
the goal of achieving a sufficient mix of physical qualities that would match those of the
replaced tissue while also eliciting a low toxic response in the host [15,41].

In the initial GTR experiments, an occlusive membrane consisting of a bacterial fil-
ter made from cellulose acetate (Millipore, Burlington, MA, USA) was utilized. These
experiments were conducted by Nyman et al. in 1982 [57]. Due to its toxicity, this form of
membrane was not appropriate for clinical applications despite serving its goal. In later tri-
als conducted in the 1990s, membranes of expanded polytetrafluoroethylene (e-PTFE)
created specifically for periodontal regeneration were applied (Gore Tex Periodontal
Material) [5,15,58].

E-PTFE has a dual-layered structure with pores measuring 5-20 microns in diameter.
One side of this membrane is 1 mm thick and has an open microstructure that is 90% porous,
preventing epithelial penetration; the other side is 0.15 mm thick and has a porous structure
that is 30% thick, allowing space for new bone production [59]. Several investigations have
shown that e-PTFE is effective, as described by Liu, J. and Kerns, D.G. [59] However, due
to their very porous structural design, they have a high rate of exposure, which is seen as a
major disadvantage, in addition to the need for additional surgery to remove them from
the location of the newly created tissue.

A high-density d-PTFE membrane with hole sizes of less than 0.3 microns was created
to counteract the drawbacks of e-PTFE [60]. In spite of the advantage of non-sticking of
tissues to the membrane, which made its removal easy and simple, in addition to its ability
to properly regenerate the bones even in exposed cases due to its modified transparency,
However, the d-PTFE has limited flexibility, causing it to collapse into the site of the
defect [59].

Titanium-reinforced e-PTFE and d-PTFE membranes were produced in order to ad-
dress the lack of mechanical stiffness that appeared in the initial e-PTFE and d-PTFE
membranes [61,62]. However, the requirement for a second surgery to remove the mem-
brane is the most significant disadvantage, similar to other non-resorbable membranes, as
well as the rigidity of titanium mesh can create some difficulties during removal due to
the need for orthopedic fixation devices such as orthopedic screws. Ti-mesh also appears
frequently, which restricts its applications, particularly in aesthetic applications. [63].

191



Polymers 2023, 15, 3355

3.3.2. Second-Generation Membranes: Resorbable Guided Membranes

Regarding the several applications of GTR and GBR, an absorbable membrane has
been proposed as a replacement to the membrane discussed in the previous section in
order to minimize its limitations, most notably the requirement for extra surgery to remove
the membrane. Based on the origin of the material used to produce the membrane, ab-
sorbable membranes are classified into two main groups: natural membranes and synthetic
membranes [5,15].

Natural Resorbable Membranes

Numerous natural polymers have been shown to be useful in tissue engineering,
which include polysaccharides (cellulose, alginate, starch, hyaluronic acid derivatives,
chitin/chitosan), and proteins (soy, fibrin gels, collagen, silk) [26,64]. Natural polymers are
also strongly coordinated and may include extracellular substances known as ligands that
are essential for binding with cell receptors that can support cell adhesion and function.
However, on either side, their medicinal use is constrained by their shortage and the
complexity of their processing into scaffolds. In addition, they can induce an immune
reaction since natural polymers can lead to cells growing at different developmental stages.
Moreover, the rate of degradation varies between patients due to the enzymatic processes
involved [5,15,65].

Collagen and chitosan appear to be the two main components of most natural mem-
branes, which are naturally derived from many animal sources. Perhaps the most notable
one is the use of bovine Achilles tendon (Cytoplast®), human skin (Alloderm®), or porcine
skin (Bio-Gide®) to produce tissue-derived membranes based on collagen [66,67].

The presence of collagen in these membranes is a significant biological feature, as it
contributes to many biological activities. Besides being biocompatible, biodegradable, and
hemostatic, it also helps in attracting the gingival fibroblast and periodontal ligament (PDL)
in addition to augmentation of the soft tissue. Using collagen type I, most of the commer-
cially available collagen membranes are produced and developed, as well as a mixture of
collagen types I and III [59]. In vivo experiments found that the collagen-dependent mem-
brane showed some drawbacks, such as its modest efficiency, especially during degradation.
Moreover, it may cause ethical and religious issues as well as be a cause of disease trans-
mission [30]. Many biophysical characteristics and collagen framework stabilization can be
improved by a number of methods that depend mainly on mechanical and chemical cross-
linking, such as adding substances such as glutaraldehyde (GA), diphenyl-phosphoryl
azide (DPPA), hexamethylene diisocyanate (HMDIC), and formaldehyde (FA), genipin
(Gp), in addition to using ultraviolet light and irradiation [15,68,69].

Collagen structural integrity and mechanical properties are affected by the rehydration
protocol, i.e., inserting a cross-linking agent that is natural, genipin into the AlloDerm® [68].
Studies have shown that extending the exposure time for genipin (Gp) to 6 h from 30 min
significantly improves tensile strength in comparison with controls. Additionally, according
to other studies, cross-linking is effective for controlling prolonged biological degrada-
tion, decreasing tissue amalgamation, and vascular depression, as well as for decreasing
epithelial migration [70]. A biocompatible reaction of the membrane made of silk fibroin
by osteoblast was also observed, which could be used for GBR as an alternate barrier
membrane [71].

Synthetic Resorbable Membranes

Synthetic polymers have several advantages over natural polymers, including the
ability to have their properties tuned, an infinite variety of forms, and well-established
structures. The support that is provided by synthetic biomaterials can make it possible to
restore the structural integrity and functional capacity of diseased or damaged tissues [72].
Synthetic polymers can be modified in terms of their molecular weight, molecular structure,
and physical and chemical properties simply unlike polymers derived from natural sources,
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through the addition of certain functional groups and side chains, synthetic polymers may
be self-cross-linked or cross-linked with enzymes or other bioactive molecules [73-75].

Synthetic biomaterials have the limitation of lacking cell attachment sites and requiring
chemical alterations to improve cell adherence [76]. Physicochemical and mechanical prop-
erties of several commercially available synthetic polymers are close to those of biological
tissues [77]. The mechanical and physical properties, such as stiffness, Elastic modulus,
and degradation rate, are repeatable and predictable throughout a wide spectrum [5,15,76].

The most commonly investigated synthetic degradable materials are poly (-hydroxy
esters), which include PCL, PGA, PLA, and their copolymer PLGA, and poly(ethers), which
include PEO and PEG, PVA, and PU. These are perhaps the most common examples,
however there are now many other synthetic materials being studied [72,76,77]. These
polymers all have varying degrees of biodegradability, biocompatibility, and mechanical
qualities; nevertheless, there is not a single polymer that possesses all three of these essential
properties at the optimal amount [78].

PGA-Based Membranes

Polyglycolic acid is organically created through polycondensation of glycolic acid
or ring-opening polymerization (ROP) of glycolide. PGA has a very high fusion point
at around 226°. PGA can be processed through hydrolysis, and its by-products can be
processed by the Krebs cycle and then eliminated. It is generally used as a suture, but it can
also be used as a PLA co-polymer [79]. Resolut® is another commercially available product
consisting of two layers: a PLGA compact layer that prevents epithelial cell penetration,
and a porous network of polyglycolide fibers that promotes tissue integration. Histological
studies showed similar effectiveness to non-resorbable membranes and complete resorption
5-6 months after placement [80,81].

Fibers of polyglactin 910, a copolymer of glycolide and L-lactide (9:1 wt/wt), were
used to produce a woven mesh (Vicryl Periodontal Mesh®). The polyglactin 910 is inert (no
reactions in the surrounding tissue during its adsorption were observed), not antigenic, and
preserves its physicomechanical properties during the first 34 weeks [82]. Although animal
studies indicated a lack of tissue integration and recession formation, clinical evaluation
suggested a similar effectiveness as compared to that of other GBR membranes [56,80,81,83].

PCL-Based Membranes

Poly-e-caprolactone is a polymer with some crystal-like properties that melts at ap-
proximately 60 °C. It possesses a relatively slow degradation rate, which makes it better
suited for long-term applications such as drug delivery systems. A plethora of studies
have evaluated this approach and determined that PCL is an effective delivery polymer.
Additionally, its physical properties can be modified through the addition of materials such
as PGA or PLA. It also possesses applications in osseous scaffolding [84-86]. Membranes
based on copolymers of lactic acid and e-caprolactone have been produced, showing a
lower degradation time as compared to pure PLA membranes. PCL is characterized by
higher hydrophobicity and lower water solubility than PLA, PGA and their copolymers. A
commercial product, called Vivosorb®, consisting of poly(DL-lactide-ecaprolactone), was
found to be biocompatible, non-cytotoxic, occlusive and space maintaining [87].

PLA-Based Membranes

Polylactic acid is synthesized similarly to PGA, through ring-opening polymerization
of its lactic acid (HOCHCH3COQOH) [88]. Its structure can be seen in Figure 4.

HO CH3 (O CH3},1 O CH3 OH
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Figure 4. Chemical structure of PLA, where (n) denotes the central repeat unit [modified from [88,89].
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PLA is one of the best biopolymers due to its biocompatibility and ease of biological
degradation. Because of its properties, it has been used in various biomedical and clinical
applications [90-92]. PLA exists in three optical isomers, specifically in its L-lactide form as
(PLLA) and its D-lactide form as (PDLA). Additionally, it has a hybrid form (PDLLA) [93].
Because of its nature as an amorphous crystal, PDLLA degrades quicker than other forms
of PLLA, in less than half a year [94,95].

The Guidor® Matrix Barrier is a bioresorbable membrane, first used for the regenera-
tion of tissues in periodontology, consisting of polylactic acid treated with acetyltributyl-
citrate to achieve flexibility to guarantee close barrier adaptation to the bone defect. The
Guidor® Matrix Barrier has a matrix with two differently perforated layers. The external
layer, allowing integration of the overlying gingival flap, presents large pores (rectangular
shape) to promote tissue integration and to enable gingival connective tissue to penetrate
quickly into the matrix. The inner layer presents small pores (circular shape), able to retard
tissue penetration while allowing nutrient permeation. The two layers are separated by
many inner spacers, forming an interspace into which tissue can grow. According to the
manufacturer, the barrier structure is not affected by the material degradation for at least the
first 6 weeks, and a complete resorption takes place after one year due to hydrolysis [56,83].

Atrisorb® membrane is the first liquid product adapted directly at the surgical site:
it consists of poly-DL-lactide acid dissolved in N-methyl-2- pyrrolidone. An irregular
membrane is produced after polymer exposure to 0.9% saline solution for 4-6 min in a
special cassette, in which it is possible to cut it into the desired shape. Membrane thickness
is 600-750 um, and it is positioned into the defect site by applying a moderate pressure. A
histological complete resorption was observed 6-12 months after implantation [96]. Clinical
studies reported its efficacy in the treatment of periodontal defects [97].

The Epi-Guide® Bioresorbable Barrier Matrix is a porous membrane consisting of D-L
polylactic acid with a unique three-layer technology, used as an adjunct to periodontal
restorative surgery. The Epi-Guide maintains its structure and functions for 5 months after
implantation, with a complete bioresorption after one year [98]. The layer in contact with
the gingiva is porous to promote fibroblast infiltration and attachment. On the contrary, the
layer in contact with bone defects has a limited porosity that supports fluid uptake, helps
adherence to the tooth surface, and inhibits fibroblast movement [98,99].

For successful periodontal tissue regeneration, the materials used must be compatible
with living tissue and favorable in terms of mechanical properties. These specifications
cannot be fulfilled by conventional single-component polymer materials. As a result,
designing and preparing multicomponent polymer structures represents a promising
approach for developing multifunctional biomaterials [100].

3.3.3. Third-Generation Membranes

By reviewing the previous absorbable and non-absorbable membranes, interests
should arise in developing a new membrane which has a more advanced role as a bar-
rier membrane and has an additional function such as releasing beneficial agents such as
bioceramic, antibiotics, growth factors, and adhesion factors into the wound. The substance-
releasing membrane should have a proper release time according to the environment of the
graft site [9].

Resorbable Membranes Based on Polymer Composites

Polymer Blends

Polymer membranes must meet a few key criteria for successful guided bone and
tissue regeneration (GBR and GTR, respectively), appropriated mechanical and physical
properties, a suitable degradation profile, as well as the necessary strength to provide an
effective barrier function and resist decomposition [101]. Due to a variety of requirements,
a single polymer fails to meet all critical criteria. For instance, naturally occurring polymers
cannot provide the required mechanical strength and suitable degradation profiles, while
synthetic polymers are unable to interact with biological tissues. On the other hand,
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polyester membranes turn rigid and brittle after introduction to phosphate buffered saline
or artificial saliva solution [102].

Therefore, the issue of developing membranes with the necessary mechanical prop-
erties, the expected rate of decomposition, as well as a structure similar to the natural
extracellular matrix (ECM) remains topical [103]. A potential solution is to combine two or
more polymers in order to offset their disadvantages and find a mutually reinforcing effect.

Natural Polymer and Synthetic Polymer Blends

Natural polymers are known for their increased biocompatibility and bioactive prop-
erties compared to synthetic counterparts. For instance, gelatin shows multiple integrin-
binding sites to promote cellular adhesion and differentiation [104,105]. Mixing polymers
of natural and synthetic origin should provide opportunities for taking advantage of both
of them. For example, a material based on an amalgamation of gelatin with PCL has excel-
lent biocompatibility as well as the essential mechanical, physical, and chemical qualities.
Its unique properties allow it to be used in cartilage tissue engineering [106,107], neural
tissue engineering [108], as well as GBR and GTR [104,105,109]. That being said, chemical
segregation between PCL molecules and gelatin is a factor inhibiting the development of
composites with the required characteristics.

It has been found that acetic acid can favorably affect the rate and strength of miscibility
between PCL and gelatin. For this reason, it is effective for implementation when homoge-
neous nanofibers with improved performance are required [110,111]. The biodegradation
period of such membranes is also appropriate for tissue regeneration [110].

The PLLA /chitosan multilayer membrane proposed by Ku et al. (2009) has shown
excellent potential for utilization in GBR and GTR [112]. The membrane has external
chitosan netting that promotes the adhesion of cells from nanoporous PLLA located in the
middle layer. This layered structure allows for improved mechanical strength and integrity
preservation for up to eight weeks.

Natural Polymers Blends:

Despite its natural origin, the bioactivity and mechanical properties of chitosan are
inferior to those of protein polymers. In order to improve its properties, chitosan is
often blended with other polymers. Due to the presence of free carboxyl groups in the
structure of gelatin, it successfully blends with chitosan and forms a stable hydrogen
bond with it. The ability of gelatin/chitosan membranes to maintain cellular adhesion
and proliferation is better than that of gelatin and chitosan on their own [113]. Moreover,
the enhancement by proanthocyanidin gives the gelatin/chitosan bond greater stability
and improves its mechanical properties compared to membranes constructed from gelatin
or chitosan and gelatin blend [113]. An example of the successful integration of natural
polymers is a three-layer membrane with a chitosan interlayer sandwiched between two
collagen membranes featuring 20 wt % HA [114]. Hunter and Ma, (2013) have shown
that membranes based on hydroxyapatite/chitosan/gelatin can promote the growth of
bone marrow mesenchymal stem cells (hBMSC) whilst improving the pace of osteogenic
differentiation [115]. Research data assure that gelatin/chitosan or collagen/chitosan
membranes possess adequate mechanical and structural properties to be implemented as
a barrier membrane. Therefore, they demonstrate the potential to be used in bone and
tissue regeneration.

Synthetic Polymer Blends

PLA, PLGA, PCL, and some other aliphatic polyesters are essential components
for the production of fibrous scaffolds required for drug delivery systems and tissue
regeneration [116]. At the same time, PLGA is characterized by reduced mechanical
strength, which makes it impossible to maintain the scaffolding structure during in vitro
and in vivo clinical trials. When PLGA was reinforced with other polymers such as PCL,
applied in an equal ratio, the compressive strength of the PCL/PLGA scaffolding was far
superior to the strength ensured by PLGA alone [117]. Cytological investigations have
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demonstrated that penetration of human embryonic kidney 293T cells can be prevented by
using PDLLA /PLGA electrospinning devices with an appropriate degradation rate and
effective cell occlusion for the purpose of GTR. In addition, implantation of a subcutaneous
implant in rats demonstrated that PDLLA /PLGA membranes with a composite ratio of
70/30 and 50/50 are able to double as a physical barrier that stops cellular infiltration
for a duration of 13 weeks [103]. These data suggest that PDLLA /PLGA membranes can
become an effective barrier membrane for tissue regeneration purposes [103]. Along with
this, composite membranes fabricated from PLA /PCL, PLGA/PCL, and other synthetic
compounds may be deemed as a promising technology for GBR and GTR [117-119].

Floreon™ blend

Floreon is a new sustainable polymer blend created by Floreon-Transforming Packag-
ing Limited in collaboration with the University of Sheffield and certified by the EN13432
standard [120,121]. Based on PLA, Floreon is composed of renewable components, which
is likely to improve its mechanical and chemical properties [120,121].

In comparison to pure PLA, Floreon exhibits a remarkable four-fold increase in strength
and is less susceptible to cracking and breakage during the manufacturing process and
testing phases, as demonstrated by Floreon 3D (2014) and Floreon (2018). The compound
has a maximum tensile strength of approximately 1.6 GPa while the elongation at break
(fracture strain) is 14% [120-122]. Moreover, in comparison to PLA, Floreon exhibits en-
hanced thermal performance. It has a melting point of 210 °C [120,121,123], a crystallization
temperature of 85 °C [123], and a glass transition temperature of 65 °C. Floreon is extruded
at temperatures between 170 and 180 °C. However, since its destruction threshold is
250 °C [120,123], technological processes should not exceed 220 °C. In order to prevent
moisture absorption, the material is dried at 65-90 °C after crystallization [120]. Floreon
may undergo thermoforming, compounding, and injection molding processes in addition
to extrusion (including film extrusion).

There are currently eight Floreon variants labelled in the range FL100-FL800 [120,121].
Due to its resilience to ultraviolet radiation, the Floreon blend is more effective than PLA
for 3D printing and lithographic printing [120,121].

Although the Floreon was originally designed for the packaging industry, it has
recently been investigated as a scaffold for musculoskeletal applications. The conclusion
drawn is that the Floreon blend showed great promise for use in bone tissue regeneration [124].

Bio-Ceramic/Polymer Composites

The incorporation of polymer composites, bioceramic components, and the structural
mimicry of bone extracellular matrix (ECM) can be advantageous for the development of
biomaterials that are used for guided bone regeneration (GBR) and guided tissue regen-
eration (GTR) [9]. Hydroxyapatite (HA) [125], carbonated hydroxyapatite (CHA) [126],
bioactive glass (BG) [127], 3- tricalcium phosphate (3-TCP) and other bioceramics have
been widely used in bone tissue engineering and shown to have excellent biocompatibility
and osteoconduction properties [128,129].

The use of bioactive ceramics in GTR and GBR has a positive impact on mineralization
and cell activity boost on polymer membranes, which suggests the required osteoconduc-
tivity and osteoinductivity [127,130-133]. On top of that, bioactive compounds are capable
of affecting mechanical properties in a beneficial way [134]. While pure PLGA has a tensile
strength of 0.49 MPa, the inclusion of 10-30 wt % nanoapatite into a membrane helps lift it
to 0.61 MPa [135]. At the same time, the introduction of bioceramics is able to neutralize
the acidic derivatives of PLA, chitosan, and other polymers formed due to their decom-
position in an alkaline medium [130,136,137]. According to Khan et al. (2008), composite
membranes have the ability to effectively and biomimicking preserve the structural and
biological functions of damaged dense tissues [138].

Because hydroxyapatite is osteoinductive, it accelerates bone regeneration and al-
lows the bio-ceramics component to connect directly to the regenerated bone, bypassing
connective tissue. The composite has found wide application in orthopedic surgery and
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dentistry dealing with hard tissue restoration [26,139,140]. Inorganic—organic composites
that emulate the structure of human bone offer increased toughness inherent in polymeric
materials and the compressive strength characteristic of inorganic components. Their
beneficial nature makes it possible to create bioactive materials with improved mechanical
properties and degradation profiles. Such composites are stable enough since the alkalin-
ity of the inorganic fraction (for example, hydroxyapatite) balances the acidic substances
formed during the autocatalytic decomposition of polymers (such as PLA) [141]. Fabri-
cated PCL/nHA nanocomposites possess properties characteristic of HA ceramics and
simultaneously provide the qualities of synthetic polymer PCL, namely, osteoconductivity
and biocompatibility [26,142]. Studies of poly (lactic acid) (PLA) nanofibers containing
hydroxyapatite filler showed that HA contributes to the improvement of the mechanical
and thermal features of the nanofibers [143]. In addition, testing of the 3-chitin-HA com-
posite membrane made it possible to detect inclusions of apatite on the surface of 3-chitin
membranes. This finding indicates increased biocompatibility and provides a suitable
foundation for successful cell attachment, adhesion, and proliferation [144].

Bioactive glasses (BSs) are osteoconductive and osteoinductive silica biomaterials with
a Si0,-CaO-P, 05 structural grid. The introduction of BG stimulates osteogenesis and angio-
genesis both in vitro and in vivo [145,146], and also generates high-performance collagen
composites in imitation of bone mineralization. In particular, it is involved in the release
of Ca, P, and Si and the subsequent deposition of Ca and P as well as amorphous Ca-P
crystals on the implant surface. The following chemical dehydration reactions convert these
crystals to hydroxycarbonate apatite (HCA) [147]. In a similar way, wollastonite (CaSiO3)
gives up Si and Ca ions, which induce the acceleration of osteogenic differentiation and cell
multiplication. Simultaneously, this can lead to deposits of bone-like apatite on the surface
of the implant after it has been introduced to simulated body fluids (SBF) [148,149]. Wollas-
tonite exhibits the capability of increased structural mechanical strength, angiogenesis, and
bone regenerative capacity. Despite this, it should be subject to further research to identify
the bioactivity, osteogenic capacity, and immunogenicity of polymer composites when
implanted in humans. These studies are driving the development of polymer/bioceramic
based composites offering the advantages of both components [124].
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Multiphasic Scaffolds of Periodontal Tissues Regeneration

A multiphasic scaffold is defined by the differences in its architecture (porosity, pore
organization, etc.) and its chemical composition, which usually mimics to some degree
the structure or cellular and biochemical composition of the native tissue. Multiphasic
scaffolds are designed to impart biomimetic functionality to tissue-engineered bone and
soft tissue grafts have been recognized for some time as having the potential to facilitate
clinical translation in the field of orthopedic tissue engineering, and more recently in the
field of periodontal tissue regeneration [181].

In recent years, guided tissue regeneration and guided bone regeneration (GTR and
GBR) approaches have been widely used to manage periodontitis. These membranes have
separate functions on each side. The occlusive periodontal membrane acts as a barrier to
inhibit the ingrowth of epithelial and undesirable tissues into the defective area during
periodontal wound healing, whereas the opposite side promotes regeneration of periodon-
tal tissues [181,182]. GTR/GBR membranes must have certain features, particularly those
utilized in large-area repair, such as mechanical stability, osteoconductivity, and a balance
between membrane degradation and tissue regeneration, all of which are required for the
membranes to function [181]. In a number of studies, bilayer GTR/GBR membranes have
been utilized as a treatment for periodontal diseases; here are a few examples from the last
few years.

The Yoshimoto group has recently developed bilayer membranes based on PLGA
or PCL [183,184]. These membranes consisted of a solid layer and a porous layer that,
respectively, served as a barrier and provided cell support. By changing the freeze-drying
temperature, they were able to control the thickness of each layer. These membranes were
found to be more functional than monolayer membranes, with evidence suggesting that
their porous structure aided in the osteogenic differentiation and proliferation of mes-
enchymal stem cells. In vivo studies also demonstrated that the PLGA bilayer membrane
promoted bone regeneration with significantly increased bone formation compared to that
with a monolayer membrane [184].

Requicha et al. (2016), in a related method, created a biphasic scaffold made of a
porous fibrous PCL/starch scaffold for enabling bone ingrowth and an occlusive membrane
developed using the same matter [185]. In this technique also, the occlusive membrane
was devised to sustain periodontal ligament regeneration by inhibiting epithelial and
gingival tissue invasion of the periodontal defect, hence carefully choosing osteoblast and
periodontal fibroblast ingrowth as per the GTR law. After performing in vitro analyses,
Requicha et al. (2014) and Requicha et al. (2016) discovered a high potential for osteogenesis,
which is a key aspect of periodontal regeneration [185,186].

Park et al. (2010) suggested an approach that involves computer-assisted design and
manufacturing (CAD/CAM), using two dissimilar sacrificial instruments to 3D print a
mold with the negative imprint of the scaffold design. This method directly uses additive
manufacturing technology to create a biphasic scaffold consisting of bone and ligament
compartments [187]. Later, polymer solutions specific to each compartment (polyglycolic
acid and polycaprolactone for bone and ligament compartments, respectively) were tossed
into these molds. Consequently, the solvent evaporated before getting rid of the sacrificial
material. The resultant porous scaffold had defined dimensions and shape and a definite
internal pore architecture. In the process of developing the two compartments indepen-
dently, they were consequently gathered by utilizing a thin PCL film, hence developing into
a biphasic scaffold [187]. The researchers used fibrin to deliver BMP-7-transfected human
gingival fibroblasts and human periodontal fibroblasts into the bone and periodontal liga-
ment compartments, correspondingly. The usefulness of the cellularized biphasic scaffold
was monitored by means of a murine ectopic model while a human dentin block was
placed in the periodontal ligament compartment. This process showed that the presence of
periodontal cells to a high degree enabled the attachment of a freshly developed ligament
onto the dentine slice together with the sedimentation of cementum-like tissue 6 weeks
before implantation [187].
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Focusing on guided bone regeneration, which is the focal point of this project, Zhang
et al. (2019) have recently studied the most commonly utilized GBR membrane, known as
Bio-Gide, which is among the most commonly used commercial biodegradable membranes,
and has a wide range of advantages [181]. Bio-Gide possesses a bilayer makeup in which
one of the sides is structured to be compact and soft to inhibit epithelium and connective
tissue interference on the other side of bone defects, and the opposite side is permeable
and coarse to enable the bond of osteoblasts next to the bone defect.

The aforementioned experts described a unique form of multifunctional GBR mem-
brane with similar design characteristics as those of the Bio-Gide membrane but including
extra roles that the Bio-Gide membrane cannot accomplish. The unique GBR membrane is
made up of a compact nacre-like coating and a permeable membrane. The function of the
nacre-like layer is to give great mechanical properties and also to inhibit non-osteoblast
interference. Conversely, the porous layer has been designed with the aim of necessitating
osteoblast adhesion. For a number of reasons, they asserted that their multifunctional
nanocomposite membrane was better than the other GBR membranes. These reasons
include biocompatibility combination with the facial surface, high mechanical performance,
sufficient rate of degradation, and efficacious bacteriostasis. For these reasons, this type of
nanocomposite membrane qualifies to be considered as a perfect bioactive GBR membrane
for medical use [181,188].

By combining the electrospinning technique with emulsion templating, a bilayer
barrier membrane (BM) made of a biodegradable synthetic polymer, PCL, was effectively
developed by [189]. Some of the qualities exhibited by the resultant BM included the
absence of delamination, a qualitatively resistant structure to twisting and elongation,
and simplicity in handling. The electrospun layer of the BM has been proven to possess
the ability to act as a barrier, offering protection to the bone defect against soft tissue
interference. On the other hand, the interconnected PCL polyHIPE layer has exhibited
pivotal characteristics to be the bone-enhancing layer, supplying crucial needs including
boosting collagen and mineral deposition and enhancing cellular infiltration and cell
compatibility [189].

3.4. Scaffold Manufacturing Technologies

Scaffolding manufacturing is a highly nuanced and evolving field, encompassing a
diverse array of techniques tailored to various applications and material requirements.
The process of creating porous scaffolds is far from uniform, with methodologies vary-
ing significantly in complexity, cost, and final product quality. This section delves into
a selection of prevalent manufacturing technologies, each catering to specific needs and
producing results unique in structure and functionality. Distinct from existing studies,
such as the one referenced in citation [190-200], this review aims to not only present an
overview of established techniques but also emphasize recent advancements, novel appli-
cations, and critical evaluations. From the rapid yet modest-quality processes to intricate
and time-intensive methods that yield superior structures, we provide an insightful and
contemporary analysis, with a particular focus on how these methods contribute to various
applications, including bone regeneration. This comprehensive examination serves as a
valuable resource for researchers and practitioners seeking an up-to-date understanding of
scaffolding manufacturing technologies.

3.4.1. Solid Free-Form Fabrication Technique

SFFT is a manufacturing technique also recognized as rapid prototyping (RP), which
also refers to a type of fabrication process called additive manufacturing [191]. In which
components are printed by depositing one cross-section layer over the other layer and
assembled using a three-dimensional computer-aided design (CAD) model [190]. Three-
dimensional scaffolds with complex geometries and dimensionally accurate structures can
be manufactured using data obtained from medical scans and then adjusted to meet the
needs of each individual patient [190,191].
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This process is accomplished through several phases. The first phase is based on
creating a computer-aided design (CAD) model, which is then sent to a file that can be
manipulated with a stereolithography apparatus. Automatically, the STL file is divided
into horizontal layers throughout the pre-production phase. Then, printing continues in
this layered process. The final structure needs to be hardened and its surface treated before
being used [191]. Through the use of sophisticated scanning techniques such as magnetic
resonance imaging (MRI) or computer tomography (CT) [191]. These highly detailed 3D
images can then be used to make the creation of precise [26], integrated scaffolds [192] and
significantly reproducible [191]. This is particularly useful when making highly porous
structures at approximately 90% or more of the total volume of the scaffold [192].

Scaffolds with sophisticated and controlled macro-and microporous structures can be
provided by SFFT, potentially both within the same structure [26]. Table 4 compares the
various SFFT types, which have been evaluated by different research groups [191-194]. This
list includes their inherent advantages and disadvantages. SFFT is a modern development.
It helps in creating solutions rather quickly, but not all types of SFFT can be used for scaffold
manufacturing [191-194].

Table 4. Different types of SFFT with their advantages and disadvantages.

Techniques Materials Advantages Disadvantages Refs.
Photo-polymerization
. PEG, PEGDA, PPE, ngh accuracy, complex 3D structure of materials, .
Stereolithography (SL) PCL. PDLLA including agents and cells, easy removal ~ photocurable materials,
’ of photopolymer by heating expensive materials
and equipment
Thermoplastic High porosity, complete pore High processing

Fused deposition
modelling (FDM)

polymers and their
composites (PVA,

interconnectivity, possibility of controlling
porosity and size of pores, macro shape
control, good compressive strength,

temperature, limited
material range,

Selective laser sintering
(SLS)

5
. . . by
ABSP400) solvent-free inconsistency in pores =
—
Complex structure, possibility of High processing %
. controlling porosity and size of pores temperature, using
Polymer ceramics (PCL, independently, wide range of powder only thermally stable

HAp, TCP)

materials, solvent-free, any secondary

polymers, limited to

binder system small pore size

3D printing (3D-P)

Ceramics, polymers,
metals

Easy process, high porosity, complete pore  Use of toxic organic
interconnectivity, possibility of controlling  solvent, lack of
porosity and size of pores independently, = mechanical strength,
macro shape control, wide range of limited to small
materials pore size

3.4.2. Three-Dimensional Bioprinting Technique

Three-dimensional (3D) bioprinting is a sophisticated and intricate method of additive
manufacturing that meticulously incorporates a range of biological materials to generate
structures which resemble and function such as living tissues. This technique is known for
its scalability, meaning it can be adjusted to create complex structures that meet individual
patients’ specific needs in terms of size and complexity. Furthermore, the technology
enables the precise distribution of cellular components-including but not limited to growth
factors, proteins, cells, and drug particles. These favorable conditions have spearheaded
advancements in several medically and clinically relevant applications such as drug testing,
high-throughput assays, tissue engineering, tissue regeneration, and cancer research [195].

One of the most challenging tasks in 3D bioprinting is the creation of blood vessels
and organs. The complexity of this task arises from the need to integrate diverse cell
types, the constraint of limited structural support, and the requirements of a concomitant
capillary network, which is a typical characteristic of functional organs. Despite the
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considerable technological advances, these multifaceted requirements make the printing of
such structures a significant challenge [196].

Nonetheless, relentless research efforts have led to some notable advancements. Re-
searchers have successfully printed rudimentary structures, such as blood vessels, skin,
and cartilage that does not require a blood supply. These achievements mark promising
milestones in the field of 3D bioprinting [196]. Attempts have also been made to print
bone tissue, specifically bone that comprises its natural constituents such as nerve and
muscle tissue. Despite these endeavors, the structures produced are yet to match the
functional superiority of their naturally occurring counterparts. Therefore, it is evident that
continued research and development are needed to overcome the existing challenges in 3D
bioprinting [197].

3.4.3. Gas-Foaming Technique

With this technique, there is no longer a need to use solvents that are normally present
in the previously mentioned methods. This method creates a porous network through the
dispersion of gas bubbles that, when the material is hardened, act as pores, as illustrated
in Figure 5. A heated mold is used to heat the polymer material, which is usually made
of polylactic-co-glycolic acid, which is then molded by compressing it to make rigid discs.
After this, these molded structures are pumped with high pressure (5.5 MPa) CO,; for
3 days at 25 °C. Afterward, gas pressure is reduced to atmospheric levels and, therefore,
gas solubility is reduced. This process makes CO, gas create inner clumps, which then
create the pores needed for the proper function of the implant. This method allows for the
total number of porosities to reach up to 93% and sizes of approximately 100 mm. It is not
trivial, however, to control pore size and interconnectivity with this technique [198,199].

@ 2] ©

Create solid disc of scaffold Gas foaming in high Pressure-induced
material with a heated mold pressure of CO; bubble nucleation and
foaming
POO; >> chu,

Porous polymer Pressure reduction
scaffold at ambient P to ambient P°

Figure 5. Schematic illustration of the gas-foaming technique, [source: [200], redesigned with copy-
right permission from Elsevier license number: 4724150945567, dated 8 December 2019].

3.4.4. Thermally Induced Phase Separation Technique

A procedure that allows for the fabrication of highly porous anisotropic scaffolds
is called Thermally Induced Phase Separation (TIPS). These polymer scaffolds can be
controlled with ease but have a low ability to be applied to affected tissues such as ligaments,
muscles, nerves, intestines, and osseous structures [201]. Depending on the concentration of
polymer used, certain characteristics will change, such as mechanical properties, pore shape,
biological activity, and the rate of resorption. Furthermore, these properties will change
depending on the volume of the phase separation [190]. A polymer phase fraction can be
achieved by dissolving a polymer at a high degree of temperature in a certain solvent, then

205



Polymers 2023, 15, 3355

cooling the homogenous polymer/solvent solution to obtain a polymer porous scaffold.
After this process is completed, a microporous scaffold can be obtained immediately after
the solvent has evaporated, as schematically shown in Figure 6 [201].

Homogenous
polymer/solvent
=)
Polymermelt  Solvent
Phase
Mixing separation
o —_— = —_—
U\ " ;-,32"; )) TIPS at-70
(= ~
Solvent
Porous polymer exchange
scaffold is obtained
——, N y Freeze drying

e

Figure 6. Schematic representation of the porous scaffold fabrication process with the Thermally
Induced Phase Separation (TIPS), [source: [200], redesigned with copyright permission from Elsevier
license number: 4724150945567, dated 8 December 2019].

3.4.5. Emulsion Freeze-Drying Technique

This technique is based on the phase fraction through the use of different physical
properties of the fiber by emulsifying the solution and then drying it at a very low temper-
ature [202], and producing a scaffold that has abundant pores, as illustrated in Figure 7.

Emulsion
Polymer in I Homogenous
solvent water polymer/water
solution
5 Poured into mold
|; L e = EE——

Elimination of
solvent and water

Porous polymer scaffold o
is obtained Freeze-drying

Figure 7. Schematic illustration of the freeze-drying process, [source: [200], redesigned with copyright
permission from Elsevier license number: 4724150945567, dated 8 December 2019].

The first step in this process is the creation of the emulsion by homogenizing a polymer
in a carbon-based solvent and water. This emulsion must be quickly frozen and the formed
phases (solvent and water) are then eliminated by freeze-drying the sample. The resulting
polymer scaffolds will have pores of between 20 and 200 um [190]. This method could be
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combined with the third method that was mentioned, as well as adding crystal-forming
polar compounds such as sucrose or NaCl, in order to further increase porosity. Once the
sample has been dried, these particles can be cleared with the use of water [167].

3.4.6. Solvent Casting and Particulate Leaching Technique

Another common method for making scaffolds is solvent casing. This process starts
with the deconstruction of a polymer in a carbon-based solvent, as schematically shown in
Figure 8. The aforementioned method uses “porogens”, a group of chemical compounds
that can be distributed into a structure during the manufacturing process and then taken
away through the use of water, leaving behind a porous structure. These porogens can
create a coupled polymer-porogen structure when added to the overall solution. As soon as
the polymer reaches its final form and starts hardening, and the original solvent evaporates
away, water is then used to dissolve porogens, which is often a high polarity compound,
such as NaClL. Although it is hard to control the final inner structure of the scaffold since it
is difficult to predict and control where the porogen particles will be distributed and then
dissolved, a three-dimensional porous polymer scaffold was obtained [199,203].

Sieved salted particles
(X )
Dispersed into a Evaporation of Sdvent
molded structure
_ e B IR
v : —> e
(( )
Salt particles
leaching
Air and vacuum dry
Porous polymer
scaffold is obtained ¢

Figure 8. Schematic illustration of the solvent casting and particulate leaching technique, [source: [200],
redesigned with copyright permission from Elsevier license number: 4724150945567, dated 8
December 2019].

3.4.7. Spin-Coating Technique

The spin coating technique is a widely used method for depositing thin films of
materials onto a flat substrate. In this technique, a liquid solution containing the scaffold
material is dispensed onto the substrate, which is then rotated at high speeds (typically in
the range of 1000 to 4000 rpm). The centrifugal force generated by the spinning substrate
causes the solution to spread out evenly over the substrate, forming a thin film. The speed
and duration of the spinning process can be controlled to achieve a desired thickness and
uniformity of the film.

In Figure 9, a schematic outline of the spin coating process is shown. The figure
depicts the substrate, the spin coater, and the solution being applied to the substrate. As
the substrate is spun, the centrifugal force pulls the solution towards the edges, creating a
thin and uniform film on the substrate.
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Figure 9. Schematic illustration of the spin coating technique, illustrating the steps involved in
fabricating a scaffold.

The advantages of the spin coating technique include its simplicity and cost-effectiveness,
as well as its ability to produce films with precise control over their thickness and unifor-
mity. This technique can also be easily combined with other techniques to create complex
multilayered structures, such as for periodontal tissue regeneration.

Limitations of the preceding manufacturing techniques

In practice, the techniques used to manufacture scaffolds are divided into solid free-
form fabrication and conventional methods. Each of them produces various scaffolds
with distinctive characteristics [204]. Even though SFFT provides a plethora of potential
opportunities for tissue engineering and possesses undeniable advantages, there are some
inherent drawbacks that must be considered. Firstly, each method uses a very specific
fabrication material. SLS uses a fine powder, whereas the use of thermoplastics is more
efficient for FDM. Even when the selected material is appropriate, if it is difficult to prepare,
it can make the whole process much more challenging. Secondly, the fact that a material can
be successfully printed does not guarantee its proper function, since successful scaffolds
also require constructs to maintain their integrity throughout their layers. The material must
be able to support itself after its fabrication, maintaining its integrity layer by layer. Thirdly,
in the case of the printing of biological tissues, novel material solidification techniques that
are used to preserve the fabricated scaffold integrity should be developed [205]. Lastly,
when using materials that are cell-loaded, the flexibility of print parameters such as shear
stress or temperature is restricted. This happens since cell environments are ever changing,
and doing so would be deleterious for cell survival [206].

While conventional techniques of scaffolding fabrication include the construction of
porous polymer structures such as substrates for cell adhesion, it is difficult to obtain com-
plex structures with tunable microscale and macroscale using conventional methods [207].
In addition, some of these methods are manual based. Therefore, they are labor inten-
sive and difficult to reproduce. Another limitation is the need for organic solvents and
porogens, which are cytotoxic and their residues may cause inflammatory responses [208].
Benefits and limitations of conventional and Solid free-form manufacturing techniques are
discussed and summarized in Table 5 [188,209].
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Table 5. Comparison of different scaffold fabrication techniques: advantages and disadvantages,

adapted from [188,209].

Manufacturing Method

Benefits

Potential Limitations

Gas foaming

- Eliminates use of chemical solvents.

High pressures involved prohibits inclusion
of cells and bioactive molecules directly

into scaffolds

Temperature labile materials may be
denatured during compression molding step
Difficult to control pore sizes and

ensure interconnectivity

Emulsification freeze-drying

- Does not require use of solid porogen.

Requires use of organic solvents
Small pore size and

Porosity often irregular

Long processing time

Phase separation

- Eliminates leaching step of porogen
- Can be combined with other
techniques easily.

Small pore sizes limit use

Use of organic solvents inhibits use of
bioactive molecules or cells during
scaffold fabrication

3D Printing

- SLA

- Inkjet

- SLS

- Laser-assisted

-  FDM

- Microvalve

- Micro-extrusion

- Complex 3D shapes with high
resolution, controlled pore size and
morphology and controlled internal
structures can be fabricated.
Improved capacity to incorporate
vascular structures into constructs.

- Depending on technique used, cells
may be included in high
concentration directly in
scaffold materials.

Some techniques are limited by
printable materials
Set up costs can be expensive for machinery

Solvent casting/
particulate leaching

- Relatively simple technique that
allows creation of scaffolds with
regular porosity, controlled
composition and pore size.

Use of organic solvents precludes cells and
biomolecules being included directly

in scaffolds

Can be difficult to control pore shape and
interconnectivity

Limited thickness of structures and
mechanical properties achievable

Spin-coating

- Simple and cost-effective method.
- Precise control over the thickness and
uniformity of the film.

Requires optimization of parameters such as
the spinning speed and duration for each
specific material and substrate combination

Electrospinning

- Essential technique for developing
nanofibrous scaffolds for the TE.

- Homogeneous mixture made of fiber
with high tensile strength.

- Simple instrument.

- Continuous process.

- Cost effective compared to other
existing methods.

- Scalable.

- Ability to fabricate fiber diameters
few nm to several microns.

Used solvents can be toxic
Jet instability
Packaging, shipping, handling

3.4.8. Electrospinning for Bone Regeneration

Over the last ten years, electrospinning technology has become one of the most
interesting methods for creating scaffolds used for tissue engineering. The creation of
these nanofiber scaffolds has become the focus of research for many investigators due to
their many unique properties, especially those which are clinically relevant. In particular,
this method is used in order to manufacture nanofibers used in different applications in
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dentistry such as tooth restoration, repair of oral mouth tissue, preventing tooth decay, and
restoring other dental and periodontal tissues, such as the repair of dentin, endodontium,
oral mucosa, periodontal tissue, as well as alveolar bone regeneration [210].

A type of material that has received a lot of attention recently has been biodegradable
polymers, especially in biomedical areas such as bio-prosthetics, tissue engineering, and the
application of drug delivery systems. Aliphatic polyesters are one of the most significant
types of synthetic biodegradable polymers, owing in particular to their advantageous
characteristics of biocompatibility and biodegradability. The main allure of these polymers
(polyesters) is their biological compatibility and their ability to be degraded within the
organ [211].

Electrostatic spinning, most commonly known as electrospinning, has been a focal
point of research for the last 20 years due to the various potential uses of the created
microfiber in both nanotechnologies and nanoscience [212]. Notable characteristics, such
as high permeability, large surface-to-volume ratio, and excellent pore interconnection,
have made electrospun microfiber ideal for normal cell functions, such as nutrient and cell
transportation [213,214].

Additionally, the nanofibrous scaffolds manufactured through this method can pro-
vide excellent extracellular conditions, such as coupling, migration, and cell proliferation,
especially for those cells in charge of hard tissue repair. Along with the simplicity of setup
and cost efficiency, the opportunity to create microfiber with a large variety of physical and
chemical properties is its own merit. This machine consists of a syringe needle, a grounded
collector (metal plate), a high-voltage electrical source, and a syringe pump (Figure 10).

Collector
Polymer Scaffold

Liquid Jet
| (stretching)

Taylor Cone
High Voltage Supply

Polymer
Solution
Syringe

Figure 10. Example of electrospinning apparatus, source: [200], redesigned with copyright permission
from Elsevier license number: 4724150945567, dated 8 December 2019.

The electrical source must carry around 10 to 30 kilovolts and is applied to solutions
that are ejected via the syringe needle. When the electrical charge reaches the starting point,
the surface tension of the charged solution begins to change, causing a deformation of
the solution droplet into a conical droplet known as the Taylor cone. While the electrical
force overcomes the surface tension of the charged solution, thin charged jets are ejected
from the tip of the metallic needle in a nearly straight line towards the electrically inverse
electrode. As the material is being extruded, the solvent is being evaporated away, resulting
in the construction of continuous dry polymer fiber, which leads to the formation of a
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non-woven surface of the obtained fiber. The grounded collector surface is generally placed
approximately 20 cm from the syringe’s tip [215].

4. Future Directions and Conclusions

The dynamic landscape of guided tissue and bone regeneration is primarily driven by
the interplay of biomaterials and scaffold manufacturing technologies, offering a diverse
array of solutions for periodontal therapeutic interventions. As we move forward, several
trends and directions can be envisioned that are expected to shape the future trajectory of
this field.

One such direction is the exploration of more advanced, next-generation membranes,
which could potentially surpass the benefits offered by the current third-generation mem-
branes. The development of these membranes could focus on enhanced biocompatibility,
optimized resorption rates, and improved mechanical strength. For instance, research on
Floreon™ blend and other innovative polymer combinations that offer superior mechanical
strength and enhanced bioresorbability may provide novel solutions for effective tissue
regeneration [124]. A focus on personalized treatment approaches utilizing patient-specific
3D bioprinting technologies may also prove beneficial [195].

Furthermore, the integration of growth factors or other bioactive molecules within
these membranes to promote bone and tissue regeneration is a promising area of explo-
ration. With recent advances in drug delivery technologies, the controlled and localized
delivery of these factors could significantly enhance therapeutic outcomes [49,170]. A
notable recent development is the use of Zn-based biodegradable materials in biomed-
ical applications. With their potential to serve as next-generation orthopedic implants,
Zn-based materials may offer significant advantages over conventional alternatives, such
as reducing the need for revision surgeries and minimizing biocompatibility issues [216].
These materials have demonstrated a significant role in bone metabolism and new cell
growth, and they show medium degradation without the release of excessive hydrogen.
The addition of alloying elements such as Mg, Zr, Mn, Ca, and Li into pure Zn has been
found to enhance the mechanical properties of Zn alloys, making them a promising material
for future guided tissue and bone regeneration applications [216]. Additionally, there is
an increasing interest in nanotechnologies and their application in bone regeneration. The
fabrication of nanocomposite scaffolds can potentially improve the cellular response and
lead to better mimicking of the natural extracellular matrix. Such improvements could
foster bone formation and promote better integration with host tissue [50,181].

In the realm of scaffold manufacturing technologies, there is considerable scope for
enhancing precision and reducing production times, perhaps through the advancement of
computer-aided design and manufacturing (CAD/CAM) techniques. Hybrid fabrication
methods that combine the advantages of different techniques can also be explored, such as
combining electrospinning with 3D printing, to create complex scaffold architectures with
improved mechanical properties and porosity [187].

The future direction of guided tissue and bone regeneration is also increasingly being
influenced by the emerging field of tissue engineering, specifically the use of stem cells.
Combining biomaterials with stem cell therapy could lead to unprecedented advancements
in periodontal tissue regeneration, offering high-potential treatment strategies that need to
be explored extensively [217].

In conclusion, guided tissue and bone regeneration represents an exciting and rapidly
advancing field with vast potential for further innovation and improvement. The progres-
sion in this field will rely heavily on a comprehensive understanding of biomaterials and
their interactions with biological systems, as well as the continued refinement of manufac-
turing technologies. Embracing an interdisciplinary approach, encompassing materials
science, biology, engineering, and clinical dentistry will be essential for the successful
evolution of periodontal treatments.
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Abbreviations

% Percentage

°C Degree Celsius

BMP Bone morphogenic protein
Ca Calcium

CAD/CAM Computer-aided design and manufacturing
CaSiOs Calcium silicate

Cco Carbon monoxide

conc Concentration

CT Computer tomography
DFDBA Demineralized freeze-dried bone allograft
DPPA Diphenyl-phosphoryl azide
EMD Enamel matrix derivative

FA Formaldehyde

FDBA Freeze-dried bone allograft
FDM Fused deposition modelling
GA Glutaraldehyde

GBR Guided bone regeneration
gmorg Gram

Gp Genipin

GTR Guided tissue regeneration
HA Hydroxyapatite

HMDIC Hexamethylene diisocyanate
IGF Insulin-like growth factor
mg Milligram

mm Millimeter

MPa Megapascal

MRI Magnetic resonance imaging
MSCs Mesenchymal stem cells

Mw Molecular weight

Na Sodium

NOFs Normal oral fibroblast cells
-OH Hydroxyl

PCL Poly-e-caprolactone

PDGF Platelet derived growth factor
PDL Periodontal ligaments

PGA Polyglycolic acid

PLA Polylactic acid
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PLGA Poly (lactic-co-glycolic acid)

POy Phosphate

PTFE Polytetrafluoroethylene

ROP Ring-opening polymerization

SBF Simulated body fluid

SD Standard deviation

SFFT Solid free-form fabrication technique
SLS Selective laser sintering

TCP Tri calcium phosphate

TGF-beta Transforming growth factor-beta
TIPS Thermally induced phase separation
BTCP Beta tricalcium phosphate
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