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ABSTRACT
The superior biocompatibility and biodegradability of polyhydroxyal-
kanoates (PHAs) compared to man-made biopolymers such as poly-
lactic acid promise huge potential in biomedical applications,
especially tissue engineering (TE). Textile fiber-based TE scaffolds
offer unique opportunities to imitate the anisotropic, hierarchical, or
strain-stiffening properties of native tissues. A combination of PHAs’
enhanced biocompatibility and fiber-based TE scaffolds could
improve the performance of TE scaffolds. However, the PHAs’ com-
plex crystallization behavior and the resulting intricate spinning pro-
cedures remain a challenge. This review focuses on discussing the
developments in PHA melt and wet spinning, their challenges, pro-
cess parameters, and fiber characteristics while revealing the lack of
an in-depth fiber characterization of wet-spun fibers compared to
melt-spun filaments, leading to squandered potential in scaffold
development. Additionally, the biomedical application of PHAs other
than poly-4-hydroxybutyrate is hampered by a failure of polymer
purity to meet the requirements for biomedical applications.
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1. Introduction

The interdisciplinary field of tissue engineering (TE) has the goal of replacing or repair-
ing damaged or diseased tissue or organs by artificially produced replacements.
Traditionally such defects for instance in bones are treated with autografts (transplant-
ation of tissue within one individual from one location to another[1]) or allografts
(transplantation of tissue from one individual to another individual[2]). These methods
have some constrains such a limited availability of donor supplies, immunogenicity risks
and infections.[3] To overcome the problem of limited donor supply and to reduce the
risk of rejection by the host,[4] TE tries to mimic the extracellular matrix’s structure
seeded with the patients cells thus supporting new tissue growth as well as cell adher-
ence and proliferation.[3] TE has four interrelated prerequisites: suitable cells to colonize
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the scaffold and help the body to recover, a suitable environment/scaffold for cell adhe-
sion and proliferation, appropriate biomolecules, and the right physical and mechanical
forces for cell development.[5,6] It is challenging to mimic the versatile structures and
mechanical properties of native tissues, but, among other technologies, textile technol-
ogy has shown possibilities for conquering this challenge. Textile-based scaffolds pro-
duced by weaving, knitting, or braiding can imitate the anisotropic, hierarchical, or
strain-stiffening properties of native tissues[7] such as blood vessels, nerves, and muscles.
An example of suitable textile structures are woven fabrics which can have similar
anisotropic stress-strain curves to a heart valve or potentially other anisotropic tissues
such as skin, skeletal muscles, and connective tissues.[8,9] Theoretically, yarns consisting
of fibers or continuous filaments, which can also be combined with twinned ply yarns
in a cord, could mimic (apart from the size) the hierarchical structure of bones (sub-
nanostructure, nanostructure, as shown inFig. 1),[10] and soft tissue’s strain-stiffening
properties can be simulated by using knitted textiles.[9]

Choosing a suitable textile production method and pattern enables the controlling
and tailoring of the porosity, architecture, physical, mechanical, and biological proper-
ties of the scaffolds.[9]

Polyhydroxyalkanoates (PHAs) are a group of thermoplastic, bio-based, and bio-
degradable polyesters which have huge potential in medical applications and TE because
of their superior biocompatibility compared to other biopolymers, such as polylactic
acid (PLA) or polyglycolic acid (PGA).[11,12] However, due to their high crystallinity
and narrow processing window, since the thermal degradation temperature is close to
the thermal decomposition temperature, it is challenging to produce proper fibers
from PHAs.

In TE, textiles can either be used as degradable substrate to culture cells in vitro
which are then implanted into the body to recover the diseased area, or they can be

Figure 1.Hierarchical structure of bones and the theoretical possibility of mimicking it with fibrous
replacements. 1 represents mineralized collagen fibrils, 2 refers to a collagen fibril, and 3 shows a col-
lagen molecule. To mimic the size of the collagen structure with the replacement is probably a major
challenge. Figure adapted from Jianget al.,[9] Wanget al.[10] and D’Elia.[128]
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used for an in vivo regeneration of the tissue by providing stimulation and the right
preconditions for the organs and tissue to recover. Starting from a textile fiber or yarn,
textile manufacturing techniques offer various possibilities for fabrication of a TE scaf-
fold compared to other scaffold production processes. Versatile opportunities exist to
adapt the physical and mechanical properties of the scaffolds in a way that closely
mimics the properties of human tissues.[9] The mechanical requirements of the scaffold
depend on the replaced tissue types (connective tissue e.g., tendons, epithelial tissue
such as skin, muscle tissue or nervous tissue). Human adult tendons like the flexor and
extensor can endure a mean tensile strength of 31.25 and 26.23 MPa respectively[13]

while human skin has a mean ultimate tensile strength of 27.2 ± 9.3 MPa.[14] Muscle tis-
sue such as the human femora muscle shows a failure load of 26.7 ± 8.8 N[15] whereas
human sciatic nerves can withstand an average maximum stress of 3.88 MPa (peroneal)
or 3.91 MPa (tibial).[16] Classical textile production processes such as weaving, knitting,
and braiding are, especially with very basic textile patterns, quite established within the
tissue engineering community. Fibers for industrial use which are processed on com-
mon textile machinery should have a tensile strength of at least 500 MPa.[17] Once the
fibers meet the standard for industrial applications, they should also be applicable for
biomedical textiles as fibers used in load-bearing applications such as tendon or bone
replacements where they need to endure loads of approximately 150 MPa.[18] Textile-
based scaffolds are discussed by Tamayolet al.[18]. Compared to other materials
commonly used in medicine such as metals or ceramics, textile implants have several
benefits such as an increased freedom/variety of patterns and structures. Further bene-
fits of textile scaffolds include the relatively simple adjustability of their degradation
time, and the possibility of controlling mechanical properties such as flexibility, elasti-
city, and porosity of the scaffold structure by varying the fiber type, diameter and
length, surface characteristics, shape, and the fabric’s density or pattern.[19]

However, it seems that even though being an important part of textile TE scaffolds
by significantly affecting their final properties, textile fibers are often overlooked regard-
ing their potential in TE. Fibers or filaments, respectively, are the building blocks of
every textile structure. Without a well-elaborated spinning process, it is almost impos-
sible to obtain a satisfying textile structure which meets end-use demands. This review
therefore takes a textile engineering perspective when reviewing articles regarding fiber
production. The paper briefly discusses the material properties of PHAs and follows
with a detailed review of textile-fiber spinning processes for the preparation of biomed-
ical textiles and tissue engineering scaffolds from PHAs using textile technologies. The
focus is on melt- and wet-spinning techniques as these methods usually obtain fibers
that are processable on common textile machinery into woven, knitted, or braided fab-
rics. Electrospinning is a well-known and established technique in the biomedical field
because fibers within the nano-, micrometer range, having a large specific surface area
can be produced.[20] Often a three-dimensional interconnected pore network is pro-
duced in electrospinning which additionally helps to mimic the structure of the extracel-
lular matrix and is therefore attractive for cell adhesion and proliferation.[21]

Electrospinning is extensively discussed in other reviews like Kanuik and Stachewicz[22]

or Zhao et al. [23] for which reason it is excluded from this review. Additionally, spin-
ning methods for staple fibers such as ring spinning are disregarded because they are
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designated for staple fibers (fibers with a specific length in contrast to end-
less filaments).

1.1. Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHAs) is an umbrella term for many different types of related
polymers, all of which are linear, nontoxic, biodegradable,[24,25] and thermoplastic to
elastomeric natural polyesters produced intracellularly in different types of microorgan-
isms and plants.[26–28]

1.1.1. Origin of PHAs
More than 300 species of Archaea, gram-positive and gram-negative bacteria,[29] photo-
synthetic bacteria, and mixtures of different microorganisms are capable of producing
PHAs under aerobic as well as anaerobic conditions.[26,30] Usually, they are produced
under unfavorable growing conditions with an oversupply of carbon sources and a limi-
tation of other essential nutrients, for instance, oxygen, phosphorous, or nitrogen. The
polymer is made intracellularly in an aqueous environment under ambient conditions
and stored in the form of amorphous, water-insoluble granules (i.e., cytoplastic inclu-
sions)[31] inside the cell.[32] Microorganisms use the PHA as a carbon and energy stor-
age[32] with bacteria commonly storing a PHA content of up to 80-90 wt% of the dry
weight in their cells under regulated cultivation conditions in a fermenter.[24,33,34] The
production and extraction of PHAs is beyond the scope of this review; for further infor-
mation see Steinb€uchel and Hein,[35] Kim and Lenz,[36] Kurian and Das,[37] and
Laycocket al.[24].

1.1.2. Properties of PHAs
Many factors influence PHA production, resulting in diverse polymers. The mechanical
properties of one specific polymer within the group of PHAs are affected by the meta-
bolic pathways and enzymes of the bacterial strain and substrate used.[24] Reliant on
that, the given carbon source is converted into 3-, 4- and 5-hydroxyalkanoyl-CoA pre-
cursors[38] that are converted by an enzyme into high molecular weight (0.05-20 MDa
[39]) PHAs.[32] Additionally, an increase of the carbon-nitrogen ratio favors PHA accu-
mulation.[40] Molecular weights in the range of 4.6� 106Da (at a polydispersity index
(PI) around 2.0[41]) have been reported. More than 150 possible monomer constituents
reflect the high structural variety and varying material properties of the corresponding
PHAs. Polymer properties range therefore from thermoplastic to elastomeric and are
mainly defined by the number of alkyl (R)-hydroxy fatty acid monomer units[27] in the
polymer backbone, the length and nature of the alkyl side groups (R inTable 1), and
the distance between the ester linkages (n inTable 1)[38,42,43]. The pendant alkyl groups
influence the polymer’s rigidity as PHAs with short pendant groups are usually hard
and crystalline materials whereas PHAs with longer pendant groups become elasto-
meric.[44] Table 1depicts the general structural formula of PHAs and gives examples of
some specific polymers whileTable 2 gives an overview of selected copolymers.
According to their monomer chain lengths (combination of n and R inTable 1), PHAs
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are often divided into three different groups,i.e., short-chain length (scl) with less than
five carbons, medium-chain length (mcl) with five to 14 carbons, and long-chain length
(lcl) having more than 14 carbons in their chain.[45] However, long-chain-length PHAs
like poly(3-hydroxypentadecanoate) are very uncommon.[30] Short-chain length PHAs,
such as poly-3-hydroxybutyrate (P3HB) or poly(3-hydroxyvalerate) (PHV), show
thermoplastic properties with elevated melting temperatures (Tm), are highly crystalline,
stiff, and brittle [46] whereas mcl-PHAs (e.g., poly(3-hydroxyoctanoate) (PHO)) have an
elastomeric nature with low tensile strength and high elongation at break as well as a

Table 1.General chemical structure of PHAs, examples of specific polymers and copolymers.
General structure n R Polymer name Abbr. Structural formula

m commonly 100 to 30,000

1 Hydrogen (H ) Poly(3-hydroxypropionate) P3HP

1 Methyl (CH3) Poly(3-hydroxybutyrate) P3HB/PHB

1 Ethyl (C2H5) Poly(3-hydroxyvalerate) P3HV

1 Propyl (C3H7) Poly(3-hydroxy-hexanoate) P3HHx

1 Pentyl (C5H11) Poly(3-hydroxy-octanoate) P3HO

2 Hydrogen (H) Poly(4-hydroxybutyrate) P4HB

3 Hydrogen (H) Poly(5-hydroxyvalerate) P5HV

POLYMER REVIEWS 5



low crystallinity and lower glass transition temperature (Tg) compared to scl-
PHAs.[47,48] These properties make mcl-PHAs suitable for many medical applications,
such as cardio vascular grafts,[44] artificial esophagus,[49] and tendons or ligaments[49]

where elastic biomaterials are indispensable.
Since PHAs show similar properties to petrochemical polymers[47] such as polypro-

pylene (PP),[44] Table 3compares selected examples of PHAs (mainly P3HB as it is one
of the most studied) and polypropylene. Due to the manifoldness of the PHAs and their
properties, this table does not claim to be all-inclusive, it rather gives an indication. For
further information on how the mechanical properties are influenced by the polymer
composition, see Laycocket al.[24].

As presented inTable 3, PHAs and PP are hydrophobic, linear, chiral polymers with
a high degree of crystallinity (both> 50%) and similar thermal transition stages (Tg and
Tm). The main differences between PP and PHAs are the lower density of PP and its
higher solvent resistance, which makes it harder to dissolve and not biodegradable in
contrast to PHAs.

Besides the wide range of mechanical properties, PHAs are piezoelectric materials
which enables many promising applications in the medical field.[30] Piezoelectric prop-
erties are important for the stimulation of bone growth and support the healing of
wounds so the medical application fields of PHAs can be seen in orthopedics, for
instance, as screws, bone graft substitutes, or scaffolds for cartilage tissue engineering.

Because of their microbiological production, PHAs have a very high purity in cells
[24] and in the case of P3HBs, they are free of catalyst residues,[50] making them promis-
ing for biomedical applications such as wound dressings, drug delivery systems,[30] or
substitutes for nerve guides.[51] The high elongation to break of elastomeric PHAs
could, for instance, facilitate use in cardiovascular tissue replacements as they are stron-
ger under dynamic conditions than polyurethane-based elastomers.[47] For an overview
of P4HBs in commercial use in the medical field, see Manavitehraniet al.[52].

Table 2.Chemical structures of selected copolymers, m¼repeat unit of the hydroxybutyrate block,
p¼repeat unit of copolymer block.
Polymer name Structural formula Abbr.

Poly(3-hydroxy-butyrate-co-
3-hydroxyvalerate)

PHBV

Poly(3-hydroxybutyrate-co-
4-hydroxybutyrate)

P3HB4HB

Poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate)

PHBHHx/PHBH
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Processing problems with PHAs arise from their being either too brittle (crystallinity
> 50%, often 60-80%[41]) or too tacky (low viscosity and crystallinity).[11] Thus, it is
crucial to control crystallinity when processing PHAs. To meet the final product
requirements, PHAs are often biologically or chemically modified, grafted, or blended.

PHA blending is a cost-effective and relatively straightforward method of adjust-
ing the polymer’s end-use properties. However, this might also decrease the degrad-
ation time, making the blend unsuitable for some applications.[24,41,53] Depending on
the polymer blend and ratio, the blend’s properties change. Typically, thermal tran-
sitions like the glass transition, and melt temperature,[11,41,46,53,54] the crystallinity,
and the mechanical properties[11,41,43,54,55] alter. Changes in crystallinity seem to
affect the hygroscopicity, which might influence the cell adhesion when used as TE
scaffold.[55] Some blends, for instance, P3HB and poly(ethylene glycol) (PEG) are
able to control blood clotting which makes them suitable for tissue engineering, sur-
gery, and medical diagnostics applications.[41] Some PHA constituents like 3-hydrox-
ybutyric acid (a metabolite found in the blood) in PHBV occur naturally in the
human body, which increases the biocompatibility.[30,56] Additionally, the degradation
products of, for example, P4HB are 4HB, a natural mammalian and human metab-
olite present in various body parts such as the brain, heart, and muscles. This leads
to a good in vivo tolerance and allows the human body to eliminate the 4HB
within between 27 and 35 min by converting it via the Krebs cycle into carbon
dioxide and then exhaling it.[12,57] Compared to PGA and PLA, 4HB has a lower
pKa and fewer acidic degradation products, so inflammatory responses are
less likely.[11,12]

Regardless of whether the PHAs degrade in the environment, water, or human
bodies, the degradation process depends on physicochemical and microbial factors as
well as on material properties and their processing history. Physicochemical factors are,
for instance, temperature, humidity, and pH level.[58] Microbiological factors include
the influence of microorganisms such as microbial diversity and activity, or population
density.[58,59] Moreover, material properties such as the molecular weight, crystallinity,
hydrophobicity, porosity, and steric configuration as well as the processing (e.g., surface
characteristics, material thickness, or additives) play an important role in PHA degrad-
ation.[58] When conceptualizing a medical textile of PHA one should keep in mind that
PHA degradation also varies within different human tissues and the size of the
PHA artifact.[51]

Thermal degradation of P3HB, for example, in the range of 170 to 200� C (close to
the melting temperature), is usually induced by a non-radical mechanism, involving
ester bond decomposition via a random six-membered ring transition state.[60] Besides
the type of PHA, crystallinity and thermal properties such as Tg or Tm are influenced
by the length of the polymer’s alkyl side chains.[46,61] Abe and coworkers found that the
Tg of mcl-PHAs decreases with an increase of the side chain’s length up to seven car-
bons, whereas the Tm increases 24� C (from 45 to 69� C) with an increase of the side
chain length from C4 to C7.[62] They therefore suggested reconsidering the common
categories in scl-, mcl-, and lcl-PHAs based on the number of carbon molecules and
recommended a new classification in scl-, and mcl-PHAs based on crystallization behav-
ior. According to their proposal, scl-P(3HA)s should be all compounds with less than
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C6 monomeric units and mcl-P(3HA)s compounds with more than C7 monomeric
units.[62] A polymer classification based on material properties seems, however, more
reasonable than an apparently arbitrary division according to the chain length, so the
common definition should be reassessed.

1.1.3. Sterilization
PHAs applied in medical products need to be sterilized. Rogers’ statement that heat
treatment and gamma irradiation do not impact the strength of PHA films[63] is con-
troversial, according to Grigore and coworkers, who state that gamma irradiation
reduced the mechanical properties and the molecular weight, at least for P3HB.[30] They
found that the same deterioration applied for steam sterilization, whereas sterilization
with ethylene oxide or gaseous formaldehyde preserved the P3HB’s properties.[30]

Martin and Williams also reported the sterilization of P4HB in a cold cycle of ethylene
oxide (commonly used for surface sterilization[64]) without significantly affecting the
polymer. Martin and Williams furthermore found that P4HB lost molecular weight and
showed a higher polydispersity when sterilized with gamma-irradiation at 25-50 kGy.
The material deterioration became more prominent with increasing radiation.[12]

Alternative sterilization methods like UV radiation at 260 nm for 24 hr[34] and sub-
merging the samples for 2 hr in 70% aqueous ethanol solution[56] were also applied by
other researchers. However, it seems that the effect of a sterilization method on the
material properties was not studied widely, especially not for fibrous materials.

1.1.4. Drawback of PHAs
Reported endotoxin residues, a decomposition product of gram-negative bacteria that
can lead to several physiological reactions in humans, are a drawback of PHAs. It is
thus indispensable to eliminate endotoxins with an appropriate method before applying
the material in medical products. Several researchers solved this problem by using sol-
vents that add cost and environmental impact to the PHA production process.[41] For
the purification of PHAs other than P4HB, further research is necessary, since to the
best of our knowledge, no other PHA has clearance for biomedical applications.

PHAs have high production costs– between five to 15 times greater[26,40,65] than
petroleum-derived polymers. The main costs are due to the substrates,[66] which account
for 30-40%[67] of the total production costs. Microbial growing, extraction, and purifi-
cation processes add further expense and hinder the widespread replacement of petrol-
eum-based plastics. Researchers are trying to use cheaper substrates such as waste
material; however, impurities and variances in material composition may reduce the
polymer yield. Additionally, waste feedstock needs further purification processes for the
production of medical applications with the risk of bacterial, viral, plasmid, or genetic
contamination.[40]

1.2. Fibers and fiber spinning

Generally, fibers include filaments (fibers of theoretically indefinite length), typically
man-made from natural or synthetic polymers, such as viscose or polyethylene
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terephthalate, and staple fibers with a definite length. Traditionally, staple fibers were of
natural origin, for instance, cotton or wool fibers. However, for some applications fila-
ments are cut into staple fibers for further processing. Additionally, staple fibers should
have a length of at least 100 times their diameter. The molecular structure of each fiber
significantly contributes to its properties.[68] One distinctive property of fibers and yarns
is their co-possession of strength and flexibility.[69] Hardly any other material type
shows stiff and strong properties against tensile stress along one axis (in this case, the
fiber axis) while simultaneously being flexible and soft for bending, twisting, and
deformation. These characteristics originate from the fiber’s long and thin shape and is
further enhanced by alignment of the polymer’s chains. Alignment (the orientation of
molecular chains along a certain direction in the material, while assuming uniaxial sym-
metry) increases the mechanical properties because the covalent bonds of the straight-
ened polymer chains take the load. Without alignment, the weight has to be taken by a
random and probably weaker part of the polymer chain.[69] Thus, the main objective of
fiber spinning is to process polymers with a specific directionality as the polymer orien-
tation (maximization of the polymer chain orientation[69]) and control of the crystal-
lization during cooling greatly influences the mechanical properties of the filament and
therefore the functionality of the end product.[70] Further, especially cellulose based
man-made fibers, polyaramide, and polyamides form intramolecular bonds between the
aligned fiber polymer molecules supporting the fiber structure.

Fundamentally, the process of fiber spinning starts with transferring the polymer into
a liquid state; in melt spinning this occurs by melting whereas a solvent is used in the
case of wet spinning. Afterwards, the liquid polymer passes through a die, followed by a
drawing unit to align the macromolecules in the direction of the material flow while in
a rubbery state. Before the fibers are wound up and collected on a bobbin, they are
either cooled or the solvent is removed, depending on the process.[70] To put it simply,
the polymer viscosity and rheology, both in liquid and solid state, control the workabil-
ity of the fiber, while the spinning process forms the shape of the fiber and the struc-
ture of the fiber is mainly adjusted by the drawing process.[69]

1.2.1 Melt spinning
Melt spinning is a favored spinning method for thermoplastic polymers as it is usually
considered a comparatively economical,[71] simple, and environmentally friendly process
(because of the absence of solvents).[69] Melt spinning can be done at very high fila-
ment-forming speed, with take-up speeds of up to 10 km/min[72] whereas 0.5 km/min
was reported for PHBHs.[73]

During melt spinning, polymer granules are fed by a hopper into the machine at the
top of the spinning tower/facility. The granules are usually melted in an extruder and
pumped toward the spinneret. In between, it passes a metering melt pump[74] that
builds up and maintains the spin pressure at a constant value and controlled melt
throughput, and then the melt passes through steel-screen or sand-melt filters to
remove unwanted impurities and prevent damage to the machinery.[75] The melt filters
build up additional melt pressure and shear forces because of their narrow meshes. This
improves the melt quality and homogeneity which is indispensable to achieve good
processability and reproducibility. Additionally, this may have a positive effect on the
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mechanical properties of the spun fibers. When the polymer exits the die, extrudate or
die swell (the process of the polymer expanding to a size bigger than the spinneret
holes) often occurs. This is due to the polymer releasing elastic energy and molecular
orientation after being exposed to shear flow when being forced through the small holes
of the spin pack. After exiting the die, the spun filaments are wound up on rotating
and heatable godet rolls at a higher speed than the throughput rate to achieve a uniaxial
drawing. The filaments are cooled by an air stream and in this section of the spinning
process, the draw-down ratio (DDR) is set, which is defined as shown inEquation (1)
with v0 being the average extrusion speed and vf the take-up velocity.[76]

DDR ¼ vf =v0 (1)

Together with quench rate and spin-line stress, the DDR defines the orientation of
the filament. Decreasing melt temperatures and increasing molecular weight builds up
spin-line stress. The filaments needs to be solidified either through glass transition or
crystallization before being wound up by the take-up roll to avoid it sticking to the
godet, winder, or to each other. Afterwards, the filaments are led through a set of god-
ets run at different revolving speeds to obtain the main molecular orientation in the sol-
idified filaments. The relationship between the velocities of the take-up roll and winder
is called draw ratio (DR). To perfect the microstructure, the filaments can be stretched
and annealed (heat set) under strain. This helps to a certain extent to relax frozen
stresses and stabilizes the filament’s microstructure. The main molecular orientation is
obtained by post drawing in the solidified state.[75]

Melt spinning enables the production of mono- and multifilaments and of complex
fiber cross sections such as fractal-like[77] and hollow fibers[78] which can support cell
alignment and topographical control of cell orientation or bi-component fibers.[79] A
schematic drawing of a melt-spinning facility is shown inFig. 2.

The main challenges in the melt spinning of virgin PHAs, especially P3HB, are the
rapid thermal degradation, low melt elasticity, and control of the crystalline structure
because it has a low crystallization rate due to its low nucleation density and brittle-
ness,[80] and variations in the molecular weight and in polymer quality.[75] The crystal
orientation is influenced by environmental conditionsi.e., spinning parameters such as
applied temperatures, stresses, or solvents.[81]

1.2.2. Wet spinning
Wet spinning is the oldest method of producing man-made fibers and a well-known
process for producing cellulose-derived fibers such as rayon or viscose.[82] In wet spin-
ning, the polymer is first dissolved in a suitable solvent without being degraded and
then coagulated in a non-solvent bath (for the polymer) to obtain the fibers.[83] Before
coagulation, the polymer solution is forced by a gear pump through the fine orifices of
a spinneret that is equipped with a filter to avoid clogging of the spinneret holes by
contaminants. The spinneret is submerged in the non-solvent so that there is immediate
contact between the exiting polymer solution and coagulation bath which leads to the
removal of the solvent from the polymer solution, and the filaments solidify.[83] The
contact of these two solvents causes chemical and physical changes to the dissolved
polymer, which leads to a coagulation of the polymer in the spinning bath and forms
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the final filament.Figure 3 depicts the wet-spinning process. The fiber properties are
mainly influenced by the reaction between the bath and the fiber, wherefore additives
might be used to control the coagulation and regeneration rate. Usually, a rather fast
coagulation is preferred for wet spinning which almost immediately forms the fiber skin
when the polymer solution is extruded in the coagulation bath to obtain a fiber with
some structural integrity before the core is coagulated and is able to contribute to the
fiber’s stability.[83] Hydraulic drag causes the fibers to stretch in the bath. The fila-
ments are drawn off the coagulation bath by rollers. In an additional step, the fibers
are further drawn by a set of paired rollers operating at different rotational speeds
after the filament leaves the coagulation bath. Fiber drawing increases the orientation
of the polymer molecules in the fiber parallel to the fiber axis and thus enhances the
mechanical properties. In general, fiber properties such as breaking strength or elong-
ation modulus are influenced by the spinning conditions, composition of the spinning
bath, and potential additives. Wet-spun fibers often consist of a core and skin struc-
ture since, due to contact with the coagulation bath, they start to solidify from the
outside in.[82–84]

Figure 3.Schematic drawing of a wet-spinning facility.

Figure 2.Schematic drawing of a melt-spinning facility.
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Because of its low processing temperatures compared to melt spinning, wet spinning
is a preferable method for the processing of thermally sensitive or non-thermoplastic
polymers to avoid thermal degradation.[82] Compared to melt-spinning, the spinning
speeds in wet spinning are lower (around 30-300 m/min) because the procedure is con-
ducted in fluids with higher viscosity to expose the filament to higher tensions. Lower
processing speeds help to reduce the stress on the fibers.

The mass transfer rate determines the resulting properties and microstructures of the
as-spun fibers during the coagulation of the dope outer layer. Wet spinning tolerates up
to 30% of solid particles[84] which could open up opportunities for the incorporation
of temperature-sensitive additives such as pharmaceuticals.

2. Spinning methods and process parameters for PHA fiber

The reported spinning methods for fabricating PHA fibers, including process parame-
ters, are compared and discussed in detail below, according to type of spinning method.

2.1. Melt spinning

Several varying melt spinning processes to produce PHA fibers are found in the litera-
ture. For good process control and sufficient fiber properties, Hufenus and coworkers
suggested five crucial properties a polymer should have.[75]

1. The polymer should be thermally stable enough to withstand the extrusion tem-
perature and the shear strain during the processing, with minimal degradation
and without crosslinking.

2. As the melt is subject to forces of gravity, air or water friction, and inertia, the
polymer needs an intermediate molecular weight to provide sufficient melt
strength and avoid filament break during processing, while at the same time not
being so viscous as to impair processability.

3. For a constant melt flow, the polymer should have a rather low polydispersity
index to guarantee a consistent melt flow rheology. In a rough estimation, the
polydispersity index should not exceed a value of three to achieve a stable melt-
spinning process.

4. Linear polymers are the most suitable for melt spinning because their molecular
chains are mobile enough to be unfolded and aligned along strain direction.

5. The polymer should be uniform and pure to prevent clogging of the machine
and fluctuations in the processing.

With respect to the requirements mentioned above, PHAs should be melt spinnable
since they are linear polymers (despite having different side-chain length),[24] their poly-
dispersity index has an average of two below three[41] and their MW is usually above
500,000 g/mol which can be considered sufficient.[85] Challenges are the rapid thermal
degradation of PHAs and a lack of polymer purity for some PHA qualities. The thermal
degradation can be prevented, for instance, by the use of plasticizers or copolymers that
lower the melting temperature and thus increase the processing window.[46,86] Even
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though Hufenuset al. reported a lack of PHA purity originating from the biotechno-
logical process, the polymer purification processes should be sufficient to enable the
spinning procedure. Most PHAs do not meet purity standards for medical applications,
for instance, due to bioactive contaminants[87] – which is why the FDA have not
approved PHAs (except for P4HB).

In industrial textile applications, fibers need to withstand stresses of between 400 and
700 MPa, so it is desirable to develop PHA fibers within this range to enable them to be
more widely applied in the field.[25]

The main challenge when melt spinning PHAs is their crystallization behavior for
which reason researchers have tried several approaches to controlling crystallization
during melt spinning, from typical parameters such as the change/control of tempera-
ture and drawing, to using several additives or electron beams.

The crystalline structure of the most commonly investigated PHA (P3HB) shows two
molecular conformations, namely thea-form with a 21 helix conformation and the
b-form which has a planar-zigzag shape. Theb-form is only found in drawn films or
fibers and is assumed to be one of the main reasons for high tensile strength, whereas
the a-form is universally observed in P3HB materials, including films, injection-molded
items, or fibers.[25] Additionally, the crystalline structure, especially the planar-zigzag
conformation, improves the mechanical properties of the fibers.[88] Iwata and Tanaka
found that the orientation of isothermally crystallized and one-step drawn fibers of the
a-form as well as the intensity of theb-form rose with increasing draw ratio. The iso-
thermal crystallization influenced the orientation and crystallinity of the fibers, as both
increased compared to non-isothermally crystallized fibers.[88]

2.1.1. Crystallization control by temperature and drawing
Gordeyev and Nekrasov[89] as well as Schmacket al.[90] started to study the influence of
P3HB’s crystallization behavior with temperature control and drawing. Gordeyev and
Nekrasov used an extruder to produce fiber precursors with a DR of 2 followed by hot
drawing and annealing. The results showed that each additional process step further
increased the tensile strength and modulus of the fiber while the strain at break steadily
decreased with increasing strength. By using this method, they managed to obtain fibers
with a maximum tensile strength of 190 MPa.[89] Using similar temperature conditions
but a fiber melt spinning facility instead of an extruder led to improved strength of
pure fibril-like P3HB fibers (physical break stress of the fibers: 330 MPa) with two dif-
ferent crystalline structures.[90] The researchers found 21 helicala-modifications as well
as planar-zigzagb-conformations. The magnitude ofa- and b-crystals reflects the
degree of fiber orientation. The higher the degree of orientation, the higher the values
of the b- and a-structures, where thea-configuration is influenced to a greater extent
by the tensile stress.[90] So far there has been a numerous number of studies which
report the mechanical properties for melt spun PHA fibers. These have been compiled
in Table 4. For a better comparison,Fig. 4 summarizes the tensile strength and elong-
ation at break of melt spun P3HB filaments at different draw ratios, showing that the
draw ratio influences the tensile strength. Similarly, the mechanical properties for some
PHA fibers with different composition are illustrated inFig. 5.
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Both production methods– fiber extrusion from an extruder and a melt spinning
facility – provided fibers; however, both technologies exposed the biopolymer to high
temperatures that led to considerable thermal degradation.[90] One way to reduce the
thermal degradation is to supply the polymer in the form of a gel instead of pellets or
powder. Gordeyev and Nekrasov[91] produced a polymer gel by dissolving 20 wt.%
P3HB powder in 1,2 dichlorethane (under stirring at 80� C) and letting the solvent
evaporate for several hours until a solid gel with a P3HB content of 30-32 wt% was
obtained. The gel was treated in a three-step process consisting of extrusion in a capil-
lary rheometer and pre-stretching, followed by hot drawing and annealing. The melting

Figure 4.Tensile strength and elongation at break of melt spun P3HB filaments at different
draw ratios.

Figure 5.Tensile strength and elongation at break of different melt spun PHA filaments.
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temperature during the extrusion in the capillary rheometer was 170� C instead of
180� C in an extruder, which led to improved fiber properties (tensile strength of
360 MPa) because of the reduced thermal degradation during the spinning process, with
otherwise comparable processing/treatment conditions to fibers produced in the
extruder. The hot-drawn and annealed fibers spun from gel were stable for six months
whereas aging occurred for the only-hot-drawn fibers. Their stiffness increased while
strength decreased,[91] which means that the crystallization process was not fully com-
pleted at the end of the spinning process as result of the slow crystallization rate of
P3HB, and secondary crystallization occurred.

To avoid aging accompanied by spherulitic crystallization and brittle fibers which
cannot be drawn, Furuhashi and coworkers[92] quenched the P3HB fibers immediately
after exiting the die in a� 40� C dry ice/methanol bath. This way, the filaments were
kept in an amorphous state below their Tg to induce molecular orientation while draw-
ing them just above the Tg in the rubbery state. A second-step drawing and annealing
followed the spinning procedure to reach the final fiber properties. The produced fibers
had a maximum tensile strength of 416 MPa,[91,92] which is higher compared to the
fibers prepared from gel, even though the applied extrusion temperatures were 15� C
higher than in the gel-extrusion process. Additionally, the researchers investigated the
crystallization behavior of P3HB and founda- and b-form reflections in the wide-angle
X-ray diffraction (WAXD) patterns of fibers drawn once in the amorphous state. The
second-stage drawing increased theb-formation because the amorphous tie molecules
that are located between thea-form crystals are stretched again and turned intob-form
crystals. This led to improved mechanical properties after the second drawing. However,
in the final annealing process, molecular relaxation occurred, and the number of
a-form crystals increased while the content ofb-form crystals decreased to values lower
than the unannealed fibers. Thus, the researchers concluded that the mechanical proper-
ties of the fiber did not only depend on the relative amounts ofa- and b-form crystals,
but also on the molecular orientation, total crystalline contents, and the presence of
voids.[92] These results indicate that the crystalline orientation/structure has a higher
impact on the mechanical properties of the resulting PHA fibers than the thermal deg-
radation arising from the processing. Thus, focusing rather on an increased chain orien-
tation than on a refined process for the reduction of thermal degradation is
recommended.

Qin and coworkers tried to obtain ideal fiber structures by high-speed spinning of
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH).[93] They tried to induce crys-
tallization by means of high tensile stress and molecular orientation in the spin line.
Higher molecular orientation was obtained by increased throughput rates because of the
higher viscosity that derived from the suppression of thermal decomposition. Indeed, an
increase in the take-up velocity led to an improved crystalline orientation of the as-
spun fibers. Additionally, WAXD patterns showedb-form crystals that are usually
formed during a drawing procedure. In this case, theb-form crystals are evidence of
the stress-induced crystallization, which took place in the spin line when the PHBH was
placed under high tensile stress. Further, it was observed that the molecular orientation
and therefore the tensile strength and tensile modulus were improved with increasing
throughput rate. An increase in the take-up velocity and a decreasing extrusion
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temperature had a similar effect on the mechanical properties of the PHBH fibers
(increase in tensile modulus and tensile strength and decrease of elongation at break).
The highest achieved tensile strength and tensile modulus were 156 MPa and 2.43 GPa,
respectively.[93] These are comparatively low values; however, Qinet al. did not use any
additives or drawing or annealing procedures.[93] Follow-up research from this group
showed an improvement in the fiber’s tensile strength (215 MPa) when immersing the
as-spun fibers in a 20 cm deep, 40� C, water-soluble polypropylene glycol isothermal
bath and applying a take-up velocity of 1.0 km/min.[94] Regarding tensile strengths
obtained by other researchers when applying a different drawing and annealing proced-
ure, it seems that these results might be further improved by choosing different process
parameters. However, other researchers such as Tanakaet al.[17] mostly used P3HB and
not PHBH, which likely influences the results.

It appeared that many researchers successfully focused on the improvement of draw-
ing and annealing procedures, leading to several patents for high-strength fibers[95,96]

and medical textiles.[97] Sophisticated drawing and annealing result in an increase in the
mechanical properties of PHA fibers without the addition of nucleation aids or the like
that (depending on the additives used) may cause problems during degradation or
impair biocompatibility.

Hufenus et al.[60] modified the drawing setup for the fiber-spinning process by
adding an intermediate godet in the draw-off division to induce an oriented crystal-
lization to the as-spun fibers with a low melt strength before the fibers were solidi-
fied. This led to improved melt strength so the fibers could withstand the
subsequent drawing procedure. The crystalline structure obtained by this procedure
differed from previously known structures which describe a crystalline formation in
b-form, as the researchers discovered a highly ordered amorphous phase that is
“kinetically trapped between the aligned lamellae of the crystallinea-phase”.[60] This
theory was supported by the findings of longitudinally oriented lamellae in the pro-
duced fibers instead of the commonly seen spherulites. The fibers did not show sec-
ondary crystallization and had a long-term stability with tensile strength of
maximum 215 MPa at 20% tensile strain.[60] However, it should be noted that these
results cannot be attributed solely to the drawing procedure since the authors also
used nucleating aids.

Figure 6.Scheme of the crystalline changes during quenching, drawing, and annealing procedure.
The red boxes in the last step represent thea-structures formed while the zigzag lines represent the
b-crystals formed. Figure adapted from Tanakaet al.[107]
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2.1.2. Crystallization control with nucleation and processing aids
Even though Iwataet al.[98] have successfully produced high-strength P3HB fibers
(1 GPa) by means of their elaborated quenching, drawing, and annealing techniques,[98]

the procedure is probably too complex for an industrial implementation. Thus, other
researchers investigated the use of nucleation agents to introduce more inhomogeneities
into the melt that serve as a nucleus for the crystallization.[99,100] Thereby, the number
of nuclei and the crystallization rate are increased while the spherulite’s dimension is
decreased. The size of the nucleation agents is usually around 3mm, and boron nitride
(BN) was reported to be one of the most effective nucleation agents for P3HB.[101,102]

The drawback of BN is that it is not biocompatible which would inhibit the use of
PHAs in the medical field and hence alternatives are necessary.[60]

Yamane and coworkers[103] used non-purified P3HB homopolymers (which still
contained protein and lipid from the culture medium) to serve as nucleating agents
for their spinning trial, thus increasing the crystallization rate. They found that the
contaminations seemingly acted as plasticizers, facilitating a cold-drawing process at
110� C of the as-spun fibers directly after the spinning procedure. In contrast, aged
as-spun fibers showed spherulite formation, resulting in very brittle fibers that were
impossible to draw. Fibers with a diameter of around 300mm were obtained by the
melt-spinning process with a maximum DR of six. As expected, the fiber’s mechanical
properties increased with increasing DR. Annealing under load improved the mechan-
ical properties of the fibers. A maximum tensile strength of around 300 MPa (tensile
modulus � 3.75 GPa, elongation at break� 60%) was achieved at an annealing tem-
perature of 125� C and a load of 100 MPa. With these mechanical properties, the
fibers could be applied in load-bearing applications in bone or tendon TE (tensile
strength> 150 MPa), but they still do not fulfill the requirements for industrial appli-
cations (tensile strength> 500 MPa). The WAXD pattern of the drawn fibers showed
a higher crystalline orientation with increasing DR and crystallites in the orthorhom-
bic lattice a-form as well as a rather imperfect twisted planar-zigzag conform-
ation (b-form).[103]

Many experimental trials to melt-process P3HB without the addition of nucleation
agents faced the problem of and not completely crystallized fibers that did not show
sufficient textile properties wherefore research was focused on nucleation agents to
inhibit secondary crystallization.[90,104] Because of the huge interests in PHAs for
medical applications, traditional nucleation aids such as boron nitride or talc[105] can-
not be used due to their blood incompatibility.[85] Thus, Vogelet al. useda-cyclodex-
trin (CD) or, rather, supramolecular crystalline inclusion complexes (Ics) thereof as
these seem to be more effective.[85] To obtain Ics, CD molecules were threaded onto
the P3HB’s polymer chain. The study showed that P3HB with CD Ics supported crys-
talline nucleation; however, stress-induced crystallization during spinning was neces-
sary to obtain fast and complete crystallization in the spin line. The fibers produced
were not sticky and had sufficient mechanical properties for further textile process-
ing.[85] The researchers state that the fibers show sufficient mechanical properties for
textile processing[50] but it seems as they did not produce a textile out of their fibers.
An indication of the processability of the fibers into textiles and the textile’s properties
would have been interesting.
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As the preparation of CD/P3HB complexes is laborious, Vogelet al.[106] used elec-
tron-beam-irradiated P3HB as a nucleation agent. The exposure to electro-beam irradi-
ation causes a drastic drop in the number-average and weight-average molecular weight
of the P3HB which would have a negative impact on the mechanical properties of the
fiber. Thus, not all the material was exposed to the radiation, but virgin P3HB was
blended with 2 wt% of P3HB which was exposed to 750 kGy. According to the research-
ers, this composition supported the formation of a stable nucleus for a dramatic
improvement of the P3HB’s crystallization behavior.[106]

Vogel and coworkers[50] tried to use reactive extrusion with dicumyl peroxide (DCP)
to improve the crystallization behavior of P3HB. The crystallization behavior of pure
P3HB limited the DR to 4.0, whereas DCP at concentrations of 0.2, 0.3 and 0.5 wt.%
improved the crystallization behavior so that a ratio of up to 7.5 was feasible. The neat
P3HB with a DR of 4.0 achieved a tensile modulus of 4.44 GPa, a tensile stress at break
of 164.38 N/mm2, and an elongation at break of 52.82%. All samples modified with
DCP showed decreased tensile moduli and elongation at break compared to the pure
reference sample, even though the influence of the DR was still visible (the higher the
DR, the higher the tensile modulus). However, the tensile stress at break and the
molecular weight increased for some samples compared to the neat P3HB. P3HB with
0.2 wt.-% DCP shows the best results with a tensile stress at break of 203.20 and
242.70 N/mm2 at a DR of 7.0 and 7.5, respectively. According to the authors, this clearly
improved the textile properties of the produced fibers. The conducted WAXD measure-
ments showed that the fibers were predominantly oriented in the orthorhombica-modi-
fication with a 21 helical chain conformation and nob-forms were found.[50] However,
when placing the mechanical properties in relation to the results from Furuhashi
et al.[92] and Yamaneet al.,[103] the fibers produced by Vogelet al.[50] had inferior
mechanical properties. Even though some information is missing, which precludes a
thorough comparison of the different processes, it appears that higher DRs and anneal-
ing improve the mechanical properties more than reactive extrusion with DCP. While
the concept of reactive extrusion has some potential, DCP is the wrong component
since the molecular weight reduction due to its application is probably too high.

Hufenus and coworkers[60] studied the influence of commercial P3HB (from
Biomer) blended with boron nitride (BN) and tri-n-butyl citrate (TBC) as a nontoxic
and biodegradable plasticizer on the fiber spinnability. Moreover, they tested the effect
of three different types of P3HB: neat P3HB without additives, P209 (a P3HB with
nucleating agent and plasticizers), and P309 (a P3HB with nucleation agent but no plas-
ticizers). The addition of TBC led to a melting point reduction of approximately 15� C
for the sample containing neat P3HB with added TBC and P209, which had a positive
effect on the melt processing of the materials. Further, it turned out that materials with
both BN and TBC could effectively stabilize the melt spinning process by suppressing
viscosity fluctuations so that the processing temperatures could be decreased, leading to
reduced thermal degradation.[60]

2.1.3. Crystallization control by copolymers and polymer blending
Polymer blends and copolymers have been shown to improve the mechanical properties
of PHAs, wherefore copolymers are also used for fiber production, for example, by
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Tanaka and coworkers,[107] who produced high-strength fibers with a poly[(R)-3-
hydroxybutyrate-co-3-hydroxyvalerate] (P(3HB-co-3HV)) copolymer without the use of
nucleation agents or other additives.[107] With increasing HV content, the crystallinity
of the polymer decreased while the flexibility of the copolymer was enhanced. In this
case, an HV content of 8% was used and led to high-strength fibers with a tensile
strength of 1065 MPa (Young’s modulus: 8.0 GPa, elongation to break: 40%). By produc-
ing fibers with a tensile strength of 1065 MPa, they accomplished a fiber strength com-
parable to well-established textile fibers such as polyamide 6.6 (1000 MPa),[108] polyester
(polyethylene terephthalate: 800 MPa)[108] or NomexVR (poly(m-phenylenediamine iso-
phthalamide): 640 MPa).[108] Compared to the mechanical properties of other fibers
based on P(3HB-co-3HV) copolymers with tensile strength of 183 ± 2 MPa (Young’s
modulus of 9.0 ± 0.7 GPa, P(3HB-co-3HV) with 14% 3HV)[109] or 210 MPa (Young’s
modulus: 1.8 GPa),[104] Tanaka and coworkers achieved extraordinary mechanical prop-
erties, especially considering that both of the comparative values were achieved using
nucleation agents whereas their study did not. The success is probably a result of the
special spinning conditions they applied - directly quenched the fibers in ice water to
obtain amorphous fibers. The fibers were kept for 24 h in ice water to obtain small crys-
tal nuclei during isothermal crystallization before they were subjected to drawing at
room temperature and a subsequent annealing procedure. Additionally, it was found
that the one-step drawing led to a uniform crystalline structure with highly oriented 21

helix conformations (a-form) and planar-zigzag conformation (b-form), which is
depicted in Fig. 6. The b-form arose from the stretching of molecular chains in the
amorphous region between the small crystal nuclei, which were obtained during isother-
mal crystallization. The small crystal nuclei in turn acted as cross-linking points for the
generation of thea-form during annealing of the fibers. This generation of crystalline
structure is different from the previously described mechanisms for cold-drawn and
two-step drawn fibers and films.[107]

One drawback of this outstanding process is the time- and probably also labor-inten-
sive procedure, which will likely hinder its widespread industrial use.

Chen and coworkers investigated the spinnability and fiber properties of poly(3-
hydroxybutyrate-co-4-hydroxybutyrate)/poly (lactic acid) blends (P3HB4HB/PLA).[110]

As the 4HB phase in the comonomer cannot crystallize in the 3HB phase, it led to a
disruption of the stereoregularity in the 3HB phase and therefore reduced the overall
crystallinity. Depending on the 4HB content, the copolymer properties ranged from
semicrystalline (< 10% 4HB) to elastomeric (> 40% 4HB). A blend ratio of 35/65
P3HB4HB/PLA (based on the weight), led to fibers with the highest mechanical proper-
ties (tensile strength: 904 MPa, tensile modulus: 28.42 GPa, strain at break: 81%).[110] In
addition to the favorable mechanical properties, the 35/65 blend also showed good
spinnability with no obvious adhesion or fiber breakage during spinning. According to
the researchers, an increase in the P3HB4HB component reduced the spinnability (fibers
became more adhesive) and increased the fiber breakage due to the poor compatibility
of the P3HB4HB and PLA which was confirmed by clear-phase separation morphologies
in SEM.[110] Even though the tensile strength of these fibers is slightly lower than that
produced by Tanakaet al.[107] it is considerably higher than the desired 500 MPa for
industrial application of the filament. At the same time, Chen and coworkers[110]
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seemingly used a more convenient and less time-intensive process, probably enabling
easier transfer to industrial applications.

Li and coworkers[111] aimed to improve PLA fibers by blending PLA with PHBV. In
general, the PHBV/PLA blends showed inferior melt spinnability compared to pure
PLA, and at PHBV contents of more than 40% the fibers could not be wound which
further impairs the spinnability. While mechanical properties such as tenacity, modulus,
and elongation at break of the blend fibers constantly decreased with increasing PHBV
content, they were still acceptable for basic textile applications. Despite these drawbacks,
the polymer blend led to superior softness owing to the rubbery and predominantly
amorphous domains of the PHBV. Surprisingly, the heat resistance of the polymer
blend was also enhanced compared to pure PLA, which could improve the performance
of traditional PLA fibers which turn rigid and fragile after heat treatment.[111]

In general, copolymers might be more advisable because polymer incompatibilities
are avoided, and mechanical strength and recyclability/degradability (which is usually
more complicated with an increasing number of different materials within one product)
is not impaired. Chenet al.’s copolymer-blend fibers showed a clear phase separation in
the SEM pictures, which likely reduced the mechanical properties so that similar results
to Tanakaet al.[17] could not be achieved. However, because of its simplicity and good
tensile strength results, Chenet al.’s [110] copolymer blend is presumably more interest-
ing for industrial applications.

2.1.4. Ultra-high molecular weight P3HB (UHMW-P3HB)
Iwata and coworkers[112] conducted extensive research in the field of ultra-high
molecular weight P3HB (UHMW-P3HB) which they obtained from an engineered
Escherichia colistrain, XL1-Blue. They developed a two-step spinning procedure in
which the fibers were quenched immediately after spinning in an ice bath to obtain
amorphous fibers. These fibers were cold drawn in the ice bath up to 600% of their ini-
tial length. Afterwards, a second drawing step at room temperature was used against the
oriented fibers, followed by an annealing procedure in an autoclave at 50� C with weak
tension. The annealing was done to increase the crystallinity of the high-strength fibers
(tensile strength: 1.3 GPa, elongation to break: 35%, Young’s modulus: 18.1 GPa at a
fiber diameter of 40mm). Investigations by microbeam X-ray diffraction, WAXD, and
different microscopes revealed the core-sheath structure of the obtained fiber. The
sheath showed onlya-form crystals while the core consisted ofa- and b-form crystals.
Because of the quenching procedure, the fiber sheath cools faster,i.e., at a higher crys-
tallization rate than the core, so that a higher crystallinity exists in the core region.
Although a sheath-core structure is not unusual in fibers with two polymer components,
it is rather special for a fiber consisting of one single polymer. The researchers assumed
that this structure was a result of the drawing procedure. They proposed that the
b-form crystals were generated from the amorphous molecular chains between the
a-form lamellar crystals because of the two-step drawing. The crystal rotation angles (h)
obtained by microbeam X-ray diffraction showed that the lamellar crystals aligned per-
pendicular to the fiber axis whereas the molecular chains were aligned along the draw-
ing direction. The lamellar crystals in the sheath region rotated more than they did in
the core region and were slightly elongated by the rotation of the lamellar crystals
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during the two-step drawing. The molecular chains between the lamellar crystals, how-
ever, were not elongated which led to the core-sheath structure of the fiber.[112]

Even though the molecular weight usually influences the tensile strength of a mater-
ial, Tanakaet al.[17] found that in their experimental setup, the molecular weight differ-
ence between the commercial P3HB and their UHMW-P3HB did not improve the
tensile strength of the produced fibers. Thus, this experiment showed that the molecular
orientation obtained by drawing has a greater influence on the mechanical properties
than the molecular weight.

2.1.5. Bicomponent fibers
Because of the superior biocompatibility of PHBV compared to PLA, Hufenus and cow-
orkers [79] tried to produce bicomponent fibers with a PLA core and a PHBV sheath.
The processing of these two biopolymers turned out to be problematic due to their dif-
ferent thermal properties. The PHBV in the outer sheath thermally degraded and exhib-
ited a sticky nature (coagulation of the fibers on the godets and bobbins) as well as
immediately starting secondary crystallization. The researchers therefore decided to have
a PHBV core and a PLA sheath. With this setup, it was possible to achieve fibers with a
maximum tensile modulus of 7.1 GPa for a core of 36 wt% PHBV and a sheath of 54%
PLA. Further tensile tests and WAXD analysis revealed that the PLA fiber took the load
alone because the PHBV macromolecular structure was not oriented. It would be inter-
esting to investigate whether a bicomponent fiber of two PHAs is feasible, since two
polymers with closer thermal properties should be easier to process even though the
mechanical properties might be challenging. In contrast to all the other reviewed articles
about melt spinning, this research group also investigated the in vitro biocompatibility
of human dermal fibroblast with the produced fibers. The results showed the anticipated
production of lactic acid resulting from the degradation of the PLA shares but the
in vitro test with human dermal fibroblast did not show a toxicity of the bicomponent
fibers.[79] Fibroblast grew along single filaments from cell re-aggregates, covering the
fibers after one week of cultivation. Well expressed cytoskeletons showed cell adherence
on the fibers and extract tests according to ISO 10993-5:2009 showed no adverse effect
on 3T3 cells so that the fibers are promising candidates for medical applications.[79]

2.1.6. Hollow fibers
Hin€uber and coworkers[78,113] investigated different possibilities for melt spinning hol-
low P3HB fibers. A future potential application for these fibers is found in nerve repair
with artificial tubes to bridge the gap between two nerve stumps.[114] They investigated
different nucleation agentsto produce the hollow P3HB fibers. Boron nitride (BN), a
common nucleation agent, was used as a reference nucleating agent in the study but it
is not suitable for biomedical applications. The two biocompatible nucleation agents,
hydroxyapatite (HAP) and thymine (THY) were therefore studied. Boron nitride
showed the best crystallization with no secondary crystallization being observed. THY
showed secondary crystallization only to a small extent and had crystallization proper-
ties comparable to BN, whereas HAP showed a poor ability to improve the crystalliza-
tion and had a remarkable secondary crystallization. However, when it came to melt

26 S. KOPF ET AL.



spinning in a conventional extrusion spin line, the nucleation effect did not appear, and
the fibers were sticky and not processable. Fibers produced by a piston spinning
machine had a smooth and regular surface and an inner diameter of between 50 and
500mm, depending on the variations in the take-up speed or contaminations. As the
nucleating effect did not occur as expected when using the nucleating agents, the
authors concluded that nucleating agents might be used for further optimization but are
not necessary for achieving a stable hollow-fiber structure.[78]

To improve the mechanical properties, especially the flexibility of the hollow fibers, a
70/30 wt% polymer blend of P3HB and poly-e-caprolactone (PCL) obtained from dis-
solving and precipitation was used to melt-spin hollow fibers. Even though the tensile
modulus and yield stress was slightly reduced due to the blending, the polymer blend
was less brittle compared to the pure P3HB, which can be regarded as improvement of
the fiber properties for the planned application. An adequate porosity for the perme-
ation of nutrients and metabolites remained a challenge.[113]

The previous reports about bicomponent and hollow fibers demonstrated the possibil-
ity of producing more complex PHA fibers which could open opportunities for more
advanced textile technology applications in the future.

2.1.7. Future work in melt spinning
The reviewed articles showed an enormous development in the melt spinning of PHAs
to fibers that can compete with conventional man-made polymers in terms of mechan-
ical properties. With regard to medical textiles– for instance, woven bone scaffolds for
large segmental bone defects– the physiological flow transportation of nutrients and
wastes remains a challenge. Research showed that the permeability of the fabric and the
wicking behavior by capillary action of the fiber could be beneficial for nutrient and
waste transport. Gilmore and coworkers[115] produced grooved wicking fibers of poly-l-
lactide and poly-l-lactide-co-e-caprolactone and processed them into simple woven fab-
rics (plain weave and crowfoot weave). Their results showed that the weaving configur-
ation, material combination, and the fiber geometry were crucial factors, influencing the
scaffold’s permeability potentially improving the nutrient and waste transportation.[115]

The reviewed articles mainly focused on the production of round monofilaments,
whereas the production of specially shaped/grooved wicking fibers for PHAs seems to
be rather unexplored. Because of PHAs’ biocompatibility and their promising applica-
tions in medical textiles and for TE scaffolds, further research on PHA wicking fibers
and fabrics is advisable. Additionally, the influence of further fiber-processing methods
such as crimping or twisting on permeability, cell adhesion, and cell growth could be
interesting, although twisting and crimping are a challenge because of the potential
brittleness of the PHA fibers.

2.1.8. Wet spinning of PHAs
Due to the narrow thermal processing window of PHAs, wet spinning could be an alter-
native to melt spinning to avoid thermal degradation. Wet spinning can be described in
very simple terms as the continuous precipitation of polymer from a solution in a
coagulation bath. As the basic principle of wet spinning appears to be simple, it soon
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became a common practice in PHA research involving wet spinning to use an impro-
vised and simplified spinning setup instead of a laboratory-size wet-spinning machine.
Often, the gear pump is replaced with a syringe pump, while a syringe with a needle is
used as a spinneret and the filament is extruded as a huddle into a coagulation bath
without further drawing. Commonly, the feeding speed of the syringe pump, the poly-
mer concentration/composition, and sometimes the coagulation bath temperature are
controlled.[116] Wet spinning with a needle setup produces fibers with diameters from
approximately 30 to 600mm, depending on the needle diameter.[18] It also appears that
wet spinning with a syringe produces more porous fibers than electrospinning and
could be useful for the preparation of porous membrane materials.[18,116] From a textile
engineering perspective, it is imprecise to use the term wet spinning for such a syringe
setup since it conveys the assumption that an entire wet-spinning line, as is common in
the textile industry, would have been used. However, the syringe setup is a very simpli-
fied procedure compared to the industrial wet-spinning process with significantly fewer
parameters being controllable. As this fundamentally influences the fiber properties, we
suggest the term“syringe wet spinning” for simplified syringe setups to clarify whether
one is dealing with a simplified setup or an actual wet-spinning process.

2.1.9. Bone tissue engineering using wet spinning of PHAs
In bone tissue engineering, especially for large bone grafts, the transportation of
nutrients and waste materials to and from cells to ensure their survival remains a chal-
lenge. To tackle this problem, Alagoz and coworkers[56] spun a 3D bone-tissue engin-
eering scaffold of PHBV, coated with elastin-like recombinamer (ELR) peptide with an
endothelial cell-attracting REDV sequence (REDV: arginine- glutamic- aspartic acid-
valine tetrapeptide. The peptide is supposed to improve cell adhesion by supporting the
cell binding of fibronectin[117] which is regulating cell attachment and motility and
thus is crucial for tissue repair[118]) to promote early vascularization.[56] The fibers pro-
duced by syringe wet spinning had an average fiber diameter of 90.0 ± 1.5mm at a por-
osity of 75% and 250.0 ± 5.3mm pore size which is within the range of 200-350mm as
the ideal pore size for bone regeneration and mineralization. The obtained fibers were
placed in a cylindrical mold to obtain 3D scaffolds for further investigation. The 3D
scaffolds underwent a compression test where they showed a Young’s modulus of
4.65 ± 0.69 MPa in the dry state. This is not sufficient for replacing trabecular or cortical
bones with Young’s moduli of 0.1-2 GPa and 15-20 GPa, respectively.[119] Although the
scaffold’s mechanical properties are not sufficient, the ELR-modified scaffolds attracted
a higher number of HUVECs (human umbilical vein endothelial cells) cells because the
REDV sequence is specific for endothelial cells. Thus, PHBV scaffolds functionalized
with ELR_REDV could serve as carries for bone tissue engineering even though the
in vitro experiments with rat bone marrow-derived mesenchymal stem cells did not
show a significant improvement regarding cell attachment, proliferation and differenti-
ation due to a non-recognition of the sequences by the modified scaffold.[56] An over-
view of the (syringe) wet spinning procedures used, and their processing conditions
reviewed in this article is provided inTable 5.

Degeratu and coworkers[34] prepared wet-spun 2D and 3D PHBV scaffolds which
were intended for use in bone grafts. Like Alagozet al.,[56] the challenge was that the
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structures did not meet the mechanical properties required for bone graft use, which
was reflected in an unfavorable bone apposition in vivo even though the scaffolds
showed good colonization, spread, and surface development of SaOs2 osteoblast-like
cells.[34] The inferior mechanical properties in these two cases supposedly arose from
the unsuitable scaffold production method for this purpose. From a textile engineering
perspective, the mechanical properties of the PHA scaffold might be improved by carry-
ing out an adjusted fiber-production method with more parameters being controlled to
obtain the strongest possible fibers. If this fiber were to be combined with another scaf-
fold production method, for example, 3D weaving or warp-knitted spacer fabrics and
maybe even impregnated with a suitable resin to produce a biocomposite, the requisite
mechanical properties could probably be created. In a recent study, Singhi and cow-
orkers [120] investigated the influence of spinning parameters (dissolution and coagula-
tion of P4HB, polymer concentration in the spinning dope, coagulation bath
temperature, and draw ratio) on the mechanical properties and fiber structure of syr-
inge wet-spun P4HB fibers.[120] They concluded that a chloroform and acetone mixture
with a polymer concentration of 15% was ideal for dissolving P4HB while achieving a
faster coagulation in the alcohol-based, room temperature coagulation bath compared
to methylene dichloride and pure chloroform. The fiber’s modulus (tensile modulus:
101.7 ± 23.6 gf/denier� 1.15 cN/tex, tenacity: 1.88 ± 0.24 gf/denier� 0.021 cN/tex),
and crystallinity increased with a DR of 18 (compared to 12) while the fiber diameter
(approximately between 2.79 and 5.39mm with an average linear density of 0.097 tex)
and elongation at break (55.9 ± 10.9%) were reduced.[120] Compared to the tenacity of
other natural (e.g., silk 25-50 cN/tex) or man-made (Alginate (Ca-Alginate) 11-18 cN/
tex) filaments,[121] the wet-spun P4HB’s tenacity is rather low.

These results give a first indication of the mechanical properties of wet-spun P4HB
fibers and identify further research needs for an improvement of the fiber’s mechanical
properties so that appropriate application fields for wet-spun PHA fibers can be identi-
fied in the future. Additionally, it shows that the (syringe) wet-spun fibers in general
should be characterized in more detail. This additional knowledge could help to identify
the scaffold’s failure, which might be the PHA filament’s weakness, or an improper
structural or material choice.

2.1.10. Porous fibers and scaffolds
Kundrat and coworkers[116] developed porous wet-spun P3HB fibers for cosmetics and
wound-healing applications with a simplified syringe setup. The obtained fibers were
between 20-120mm in diameter and had a maximum surface area of 55 m2/g. According
to the researchers, the ideal process conditions were a feed rate of 0.5 mL/h and 5 wt%
of P3HB. Compared to a lab-size wet-spinning procedure with spinning speeds of 22-
76 m/min for cellulosic fibers[122]), a feed rate of 0.5 mL/h seems to be very low.
Additionally, the researchers coated the fibers with plant extracts and found that clove
extracts show significant antibacterial and antimycotic effects.[116]

In a recent study, Poly�ak and coworkers[123] prepared porous scaffolds for drug
release from P3HB by syringe wet spinning and incorporated quercetin, a model drug.
The obtained fibers showed a regular, cylindrical shape with narrow diameter distribu-
tion and a linear dependency of the fiber diameter from the spinning rate. They showed
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that the spinning rate can be used to control the fiber thickness which in turn controls
the kinetics of drug release. The thinner the fiber diameter, the faster the drug diffusion
into the surrounding medium; thick fibers are thus necessary when a slow release is
desired.[123] Apart from the fiber’s diameter, how the diameter was influenced by spin-
ning rate, and how the diameter influenced drug release, the fibers were not further
characterized. An investigation of the mechanical properties and processability into a
textile would be beneficial.

Figure 7.Scanning electron microscope images of the top (left column) and cross-sectional view
(right column) of a PHBHHx (A) and PHBHHx/poly(e-caprolactone) (PCL) scaffold at different ratios. (B)
PHBHHx/PCL 3:1 (C) PHBHHx/PCL 2:1, (D) PHBHHx/PCL 1:1. The high magnification insets show the
porosity (left) as well as cross-section (right) of single fibers. Images were taken from Puppiet al.[53]

without any modification and licensed under CC BY 4.0.
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2.1.11. Additive manufacturing by wet spinning
The research group around Puppi[53,124–126] investigated the possibilities of additive man-
ufacturing for PHAs, one of them being computer-aided wet spinning (CAWS). CAWS is
a syringe wet-spinning process where either the syringe pump or needle are movable in
the z- and x-direction (up/down and forward/backwards) and the plate with the coagula-
tion bath in the y-direction (left/right) to achieve a layer-by-layer deposition process of
the fibers in the coagulation bath. In principle, the technique is comparable with a fused
filament fabrication 3 D printer except that the polymer is not melted and deposited on a
plate but coagulated and deposited in a bath.[125,126] According to the researchers, it was
possible to produce layered 3 D scaffolds from porous and aligned poly[(R)-3-hydroxybu-
tyrate-co-(R)-3-hydroxyhexanoate] (PHBHHx) fibers with good control of the shapes and
pore sizes of the scaffold while showing good cytocompatibility because they could sustain
murine pre-osteoblast proliferation and differentiation toward an osteoblastic pheno-
type.[124] In a follow-up study in 2017, the researchers developed a CAWS PHBHHx/PCL
blend scaffold shown inFig. 7 to cost-effectively combine the advantages of both poly-
mers.[53] The results showed that it was possible to produce scaffolds with tunable ther-
mal and mechanical properties as well as morphological features. After 28 days of culture,

Figure 8.Confocal laser scanning microscopy microphotographs of PHBHHx and PHBHHx/PCL scaf-
folds, showing MC3T3-E1 cells cultured on the surface after 7, 14, 21 and 28 days of cell culture.
Images were taken from Puppiet al.[53] without any modification and licensed under CC BY 4.0.
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the scaffolds were fully colonized by MC3T3-E1 pre-osteoblast cells that showed good cell
adhesion and proliferation as shown inFig. 8.[53]

This approach seems to be promising for tailored scaffold production, yet rather in
the field of soft tissue engineering applications than bone replacements. For one specific
process condition, the researchers reported a fusion of the fiber-fiber contact points in
the z-direction.[124] However, for all other process conditions it appears that the individ-
ual layers were only stacked on top of each other so the layers had only a very weak or
no connection in the z-direction. As the coagulation probably did not provide sufficient
adhesion of the fibers in this direction, this could limit the application fields of the scaf-
fold to certain uses where high stability is not necessary in all directions. This assump-
tion was supported by the mechanical characterization of the PHBHHx scaffolds which
revealed that the mechanical properties significantly failed to meet the requirements for
the desired application as a replacement for load-bearing tissues. This shows that the
chosen production method might not be ideal for load-bearing applications. A clear
benefit of the CAWS, however, is the freedom of design so the scaffold can easily be
adapted to the patient’s needs. Nevertheless, the produced filament was not exposed to
any drawing in the chosen setup which would orient the molecular chains within the
fiber and therefore possibly increase the fiber’s mechanical strength. Combined with the
rather weak connection/bonding within the scaffold and the fiber’s porosity, this seems
not to be an ideal starting point to obtain high-strength scaffolds.

2.1.12. Dry-jet wet spinning
Dry-jet wet spinning is related to the wet-spinning process since the polymer is also dis-
solved in a solvent. However, instead of being directly extruded into the coagulation
bath, the extruded polymer solution passes an air gap so that it is possible to separately
control the temperature of the dope extrusion and the coagulation temperature to
develop specific structures during coagulation. After coagulation in the bath, the fiber is
usually washed, drawn, and wound up on a bobbin.[82]

P4HB, for example, can be processed by dry-jet wet spinning because it is soluble in
several polar solvents that evaporate easily and leave very low amounts of residual solv-
ent.[57] Chiono and coworkers[54] investigated the dry-jet wet spinnability of poly(3-
hydroxybutyrate-co-3-hydroxyvalerate)/poly(e-caprolactone) (PHBHV/PCL) blend in
hollow fibers that can be used in tissue-engineering applications.[54] The PCL is not
miscible with PHBHV but the two polymers are compatible with each other so PCL
acted as a plasticizer and significantly lowered the elastic modulus of the PHBHV.
Blends with more than 50 wt% PCL were ductile and showed similar tensile properties
to pure PCL. The degree of crystallinity and crystalline morphology as well as the deg-
radation behavior depended on the blend ratio of the polymers. The higher the PCL
content, the more the blend properties shift toward the properties of pure PCL. These
blends showed improved cell adhesion and proliferation, which depended on the fiber
composition, wall porosity, and thickness, as well as the inner diameter and mechanical
characteristics.[54] Additionally, the PHBHV/PCL blends showed biocompatibility and it
was identified that more ductile blends lead to a higher fibroblast response.[66]
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2.1.13. Future work in wet spinning
The reviewed articles about wet spinning discussed mainly fibrous PHAs from an appli-
cation point of view, e.g., in bone tissue engineering or regarding the production of
scaffolds, leading to a less-detailed study of the filament’s properties. In our opinion,
this is a missed opportunity to gain more knowledge about the fiber’s mechanical prop-
erties and thus to identify a suitable application field. Additionally, the filament produc-
tion process itself could often be improved by adding a drawing zone, leading to
increased molecular orientation. Moreover, a change in the scaffold production process
to established textile production processes should improve the mechanical properties of
fiber-based scaffolds.

2.2. Outlook on spinning procedures

To reflect on the spinning procedures, advantages and drawbacks of wet and melt spin-
ning for PHAs are discussed. Besides the absence of solvents in the melt spinning process
compared to the wet spinning and the resulting environmental and processing benefits
(no need to remove or recover solvents),[127] melt spinning offers a considerably higher
production speed of PHA filaments than wet spinning (0.5 km/h for melt spinning[73] ver-
sus 0.5 mL/h wet spinning[116]) which is beneficial for a commercialization of fiber based
PHA products. Some of the PHAs are temperature sensitive because their melting tem-
perature is close to their thermal degradation temperature[80] which is a weakness when
considering melt spinning. This problem can be overcome by several earlier stated meth-
ods like the usage of additives. Additives can cause problems for biomedical applications
of PHAs as they also need to be biocompatible and biodegradable while adding costs to
the final product. Additional challenges in PHA filament extrusion is the cooling/solidifi-
cation process which usually is very sophisticated to avoid the filaments to stick on the
godets/winders or each other and which is often accompanied with a post-treatment pro-
cess like annealing to increase the fiber’s mechanical properties.

Filaments produced via wet spinning are hardly characterized for which reason it is
harder to draw specific conclusions on the drawbacks and benefits of wet spinning
PHAs for instance whether an annealing procedure like in melt spinning would be
beneficial. Even though solvents are used and need to be recovered for wet spinning, it
is an advantageous process for temperature sensitive PHAs because they are not
exposed to as high temperatures as in melt spinning. Lower processing temperatures
also enable the incorporation of temperature sensitive active substances supporting
wound healing or cell adhesion and proliferation if the additives are compatible with
the used solvents. Apart from the essential filament purification processes to pass bio-
medical regulations without exceeding solvent residues, the formation of precise fiber
cross sections is harder to control by wet spinning because of inward and outward mass
transfer processes.

3. Conclusions and outlook

This review showed the huge research effort that has been undertaken to produce and
investigate the properties of spun PHA fibers. Sophisticated drawing and annealing

36 S. KOPF ET AL.



processes to orient the polymer chain seem to have a greater influence on the mechan-
ical properties of melt-spun fibers than the reduction of thermal degradation by lower
processing temperatures, even though degradation prevention is always beneficial.
Additionally, copolymers often achieve more promising results than blends. The poly-
mer’s molecular weight appears to have a secondary influence on the mechanical prop-
erties of the fibers since UHMW-P3HB is not superior to conventional P3HB.

A conspicuous difference between the spinning methods is observed. While the proc-
essing conditions of the melt-spinning process is well studied and the produced fibers
are characterized in detail, the fiber properties obtained by (syringe) wet spinning are
rather unexplored and need further investigation to improve the processing conditions
and identify the most suitable application fields for these fibers. To the best of the
authors knowledge no research group investigated the formation of a skin-core structure
for wet spun PHAs. Depending on the spinning conditions different skin-core ratios
can be obtained where the skin fraction usually show higher mechanical properties than
the core fraction.[127] This is one way besides the alteration of the molecular weight and
degree of orientation to develop distinct fibers from a given raw material and make it
suitable for different applications.[127] Thus, studying the influence of the skin-core ratio
on the in vivo and in vitro degradation and maybe cell adhesion of PHA filaments
could be interesting and a beneficial feature compared to melt spun fibers.

First trials on special filaments such as bi-component or hollow PHA fibers for speci-
fied applications have been undertaken that seem to be rather a proof of concept with-
out tapping the full potential. To the best of our knowledge, no other filament cross
sections but round was tried to produce from PHAs although different fiber cross sec-
tions might have a beneficial effect on cell adhesion and proliferation. The scaffold’s
overall performance may be improved through further research on special filaments and
fiber cross sections since enhanced filament wicking properties could lead to improved
cell adhesion, nutrition, and waste transportation.

For a potential biomedical application of PHAs, the polymer purity needs to be
improved so that polymers other than P4HB are approved for biomedical applications.
Additionally, a detailed study of PHA filament sterilization, processability on textile
machines, and fabric characterization thereof should be conducted to obtain the full pic-
ture of PHAs’ potential in textile-fiber TE scaffolds. Depending on the processability on
textile machinery, knitted fabrics could be produced for scaffolds used in skin regener-
ation after burns, braids or 3 D weaves for bone tissue engineering scaffolds.
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