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Abstract

The non-degradable polymers used in daily and commercial application are generally
inexpensive; however, their excessive use leads to extensive environmental damage. In
light of this, the demand for bio-derived, biocompatible, and biodegradable polymers
increases since these materials are potential alternatives to petroleum-derived polymers.
Polyhydroxybutyrate (PHB), a class of highly crystalline thermoplastics derived from
natural sources, offer significant environmental advantages over fossil fuel-based polymers
due to their inherent biodegradability. This eco-friendly profile has spurred research into
their commercial applications, ranging from food packaging to pharmaceuticals. However,
processing challenges, particularly for polyhydroxybutyrate (PHB)—including high costs
and the requirement for elevated temperatures—remain major obstacles. Additionally,
PHB-based products are often brittle and exhibit inferior mechanical properties compared
to conventional petroleum-based polymers such as polypropylene and polyethylene. This
review comprehensively examines the state-of-the-art processing techniques for PHB and
their composites. Key properties, such as mechanical performance, thermal behavior, and
degradation characteristics, are scrutinized. Furthermore, the review explores mitigation
strategies, such as blending and plasticization, aimed at overcoming the mechanical brittleness
while upholding the principles of sustainability and maintaining a low carbon footprint.

Keywords: polyhydroxybutyrate; poly-3-hydroxybutyrate P(3HB); poly-4-hydroxybutyrate
P(4HB); polymer blends; material processing

1. Introduction
Polymers encompass not only the synthetic plastic bottles and bags, but also textiles

and natural polymers that are important components of life, such as DNA and proteins [1].
Natural and synthetic polymers are both extensively used in our daily life. The packaging
materials used currently are dominated by fossil fuel-based plastics, including polyethylene
(PE), polypropylene (PP), and polyethylene terephthalate (PET), leading to plastic waste
accumulation [2,3]. Beyond the environmental issues caused by large plastic objects, there
is growing evidence of microplastics and their associated chemicals accumulating in the
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marine environment, food chain, and drinking water—the consequences of exposure are
horrifying [4,5]. The demand for biologically derived, biodegradable polymers is increasing
since they are environmentally attractive alternatives to fossil-fuel-based polymers [6,7].
The bioplastic market is estimated to expand to almost triple from 2022 to 2027, up to
6.3 Mt globally [8,9]. Among the bio-derived and biodegradable plastics, polyhydrox-
yalkanoate (PHA) is particularly being investigated owing to its rapid biodegradability in
nature [10–12].

PHAs are synthesized by microorganisms through a process that involves the fer-
mentation of sugars, lipids, or other carbon sources. The most common PHA, polyhy-
droxybutyrate (PHB), is produced by about 40 to 60 species of microorganisms according
to various sources. The biopolymers PHB, poly-3-hydroxybutyrate P(3HB), and poly-4-
hydroxybutyrate P(4HB) are bio-based and biocompatible, possessing significant advan-
tages over fossil-fuel-based polymers with regard to environmental impact. PHB is a
short-chain-length PHA with a highly crystalline structure, which gives it excellent me-
chanical properties but also makes it brittle. P3HB is a highly crystalline material, while
the reduction in P4HB crystallinity enhances its processability and mechanical ductility.
P4HB’s unique position has led to it being the only member of the PHA family to obtain
FDA approval for medical applications, a status held since 2000. Since 2007, the FDA
has approved, for use in medicine, products made from P4HB by Tepha (a subsidiary
of Metabolix), manufactured under the TephaFLEX trademark, as well as bioabsorbable
suture material (manufactured by Bayer), mesh endoprostheses, and endoprostheses for
tissue plastic surgery [13–17].

PHB can be produced from a variety of renewable resources, including agricultural
waste, food waste, and even carbon dioxide (CO2), through microbial fermentation. The
use of waste materials as feedstocks not only reduces the cost of PHB production but
also contributes to a circular economy by converting waste into valuable products [18].
Recent advances in metabolic engineering and synthetic biology have further optimized
the production processes, enabling higher yields and lower costs. PHB is produced via
biological fermentation, during which it accumulates as intracellular granules that serve as
energy reserves. These granules are harvested post-fermentation, yielding a high molar
mass polymer (up to 1000 kDa). To obtain lower molar mass formulations, the material
must undergo chemical hydrolysis, an additional post-fermentation step that increases both
process complexity and production costs. Although a key advantage of this fermentation-
based route is the absence of residual metal catalysts, the high overall cost of bio-P4HB,
driven by slow reaction kinetics and limited production scale, currently hinders its practical
large-scale implementation [19].

There are three different classes of properties that are considered when assessing
the potential of a polymer for a given application: (1) intrinsic properties related to the
polymer structure, further splitting into molecular and bulk difference, (2) processing
properties during formation (e.g., viscosity and melt flow index), and (3) final product
properties. Hence, this review focuses on the processing of PHB and its blends, the use of
commercially scalable processing methods, and the environmental impact of PHB and its
blends, analyzed using LCAs summarized from data in recent years. The objectives of this
review are to:

1. Evaluate a rational design of bioplastics’ properties for real use (e.g., packaging).
2. Discuss PHB and bio-blends/plasticizers and their potential to enhance the mechani-

cal properties of bio-composites.
3. Investigate PHB and blends using the commercially scalable processes, including

hot-processing, chemical melt extrusion, and additive manufacturing techniques.
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4. Compare the carbon footprint and environmental impacts of PHB bioplastics with
varying recycling strategies.

2. Background
2.1. General Aspects About Bioplastics

The global demand for bioplastics is rising rapidly due to increasing environmental
concerns. While traditional petrochemical plastics, like polyethylene (PE), are widely used
for their durability, barrier properties, and low cost, they pose serious environmental risks
due to their poor degradability. Similarly, not all bioplastics are inherently biodegradable or
recyclable, especially single-use items that often end up in landfills, threatening ecosystems
and human health [6].

Biopolymers are generally defined into three genres:
Type A: both biodegradable and bio-based
Type B: not biodegradable but bio-based
Type C: biodegradable but made from fossil fuels
Figure 1 displays the plastic coordinate system, which separates plastics in categories

based on the source of its production and on whether it is biodegradable or not. Biopoly-
mers are separated into two categories and are highlighted into three portions in Figure 1.
From the top to the bottom of the schematic in Figure 1, biopolymers are divided into
two sections based on their source: derived from renewable or non-renewable resources.
The renewable section has been further divided into two sections: non-biodegradable and
biodegradable, and the same applies to the non-renewable section. For example, poly
(caprolactone) (PCL), a biopolymer used in the biomedical field, is produced from fossil
fuels, but it is biodegradable in mild conditions. In general, the ideal biopolymer to con-
sider is one derived from renewable resources and can be biodegraded easily, for instance,
polyhydroxyalkanoates.

Figure 1. Different types of biopolymers (bioplastics).
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2.2. Structure and Properties of PHB and Its Copolymers
2.2.1. Biopolymers

PHAs are ecofriendly and sustainable plastics that are compostable in all mediums.
The U.S. Food and Drug Administration (FDA) has approved PHB for food-contact uses,
whereas PHAs are certified as completely bio-derived biopolymers that are biodegradable
and compostable in an ambient environment at a relatively rapid speed.

PHB, a highly crystalline thermoplastic in the polyhydroxyalkanoate (PHAs) aliphatic
polyester class, was first isolated and characterized by Lemoigne et al. in 1927 [20]. P3HB
and P4HB are produced by many types of bacteria, with the more common form being
P3HB; their monomer, R-3-hydroxybutyric acid, is non-toxic and can be completely ca-
tabolized. Figure 2 presents the general structure of PHAs, in which the difference in v
properties in this PHA family being determined by the R- substituent bonded to the main
polymer chain [21]. The R-substituent is a methyl group (i.e., -CH3) in the case of PHB,
which is the more commonly used material from the PHA family. Short-chain-length PHAs
have three to five carbon atoms, including P3HB, P3HV, P4HB, and their copolymers; six to
fourteen carbon atoms are considered medium-chain-length PHAs, such as P3HD, P3HO,
and P3HTd. Medium-chain-length PHAs exhibit better elasticity compared to short-chain-
length PHAs. Thus, blending different polymers may yield the desired mechanical strength
and ductility in polymer products, which may also have an improved thermal stability.

Figure 2. PHAs, P3HB, and P4HB chemical structure.

2.2.2. Polyhydroxybutytrate (PHB)
PHB Production

PHA production incurs high costs due to the expensive fermentation facilities required
despite there being many large-scale production facilities around the world. The scaling
up of PHA biosynthesis processes began in the late 1980s with extensive experience ac-
cumulating over the past 35 years. For biological synthesis, the choice of bacterium, its
PHA polymerase (PhaC), and the carbon source allow for the production of PHAs with
tailored monomeric compositions and mechanical properties. These microbial producers
yield high-molecular-weight polymers (>106 g mol−1), whose values can be fine-tuned
by adjusting PhaC activity and concentration. A key benefit of this biological route is its
avoidance of the toxic metal catalysts (e.g., organic tin compounds) typically required in
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chemical polyester synthesis [22,23]. Biomass uses carbohydrate materials as essential
fermentation substrates, incorporating forestry and agricultural wastes. Additionally, food
waste and other residues can also be utilized in the process. Lignocellulosic biomass is
considered a prime carbon source for PHA production due to its abundant natural avail-
ability and high polysaccharide content [24]. This approach is often supplemented with a
carbon source/feedstock commonly derived from agricultural products. The hydrolysates
of various agricultural crops, such as rice husks, vegetative parts of wheat, Jerusalem
artichoke, nut shells, and the pulp of various fruits, are used as substrates [25].

PHB Properties

The properties of P(3HB) and P(4HB) are influenced by their chemical structure and
molecular weight. These varieties of P(3HB) and P(4HB) differ not only in the length of
pendant chains but also in the number of carbon atoms in the main chain. Their thermal
stability and mechanical properties can be enhanced through physical blending with natural
materials and other biopolymers, such as cellulose, PLA, and starch, or through chemical
modifications like block copolymerization and graft copolymerization. The general thermal
and mechanical property data are listed in Table 1 [26–31].

Table 1. General properties for P(3HB) and P(4HB).

P(3HB) P(4HB)

Melting Temperature, Tm (◦C) 175 60
Glass Transition Temperature, Tg (◦C) 4–10 −51

Density, p (g/cm3) 1.18–1.26 1.17–1.22
Crystallinity (Xc, %) 65–80 20–35

Young’s Modulus, E (GPa) 1.4–3.5 0.07
Ultimate Tensile Strength (MPa) 15–40 50–70

Elongation at Break (%) 4–10 1000

Given these properties, PHBs are regarded as promising alternatives to fossil fuel-
based plastics but currently with very limited applications due to their thermal and me-
chanical property deficiencies. PHB, a commercial PHA prototype, is brittle, stiff, and has
limited ductility (2–15% strain, >35 MPa yield stress) due to its high crystallinity (60–80%).
Although PHB has comparable mechanical properties to polypropylene (PP), the thermal
processing window of P3HB is quite limited for practical applications. The melting point is
different from the PHB degradation temperature, while the processing temperature being
close to the melting temperature may render the thermal aging of the PHB. Therefore,
copolymerization of short-chain PHB is a viable approach to build a robust, flexible, and
durable alternative with enlarged thermal processing capabilities. PHBV is a copolymeriza-
tion of P3HB and PHV, showing relatively robust, strong, and enhanced thermo-mechanical
properties. Compared to P3HB, P4HB is a strong, thermoplastic material that exhibits sig-
nificantly greater flexibility than synthetic resorbable polymers, like poly-L-lactide (PLLA).
It possesses a tensile strength comparable to ultra-high-molecular-weight polyethylene and
an elongation at break of approximately 1000%. A key advantage of P4HB is its ability to
retain flexibility even when its mechanical strength increases upon stretching—a behavior
that contrasts sharply with PLLA, which becomes more brittle as its strength increases.
The mechanical properties are further influenced by processing history; for instance, the
strength of P4HB is greatly enhanced by fiber orientation achieved through melt-spinning,
and these fibers can be further processed via braiding, knitting, or weaving (The processing
of which will be extensively discussed in Section 4). Figure 3 gives the typical properties
(tensile strength, elongation at break, Tg, and Tm) of conventional plastics and PHB [32,33].
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Figure 3. The typical properties (Tm, tensile strength, Tg, elongation at break, oxygen permeability,
and water vapor transmission rate) of conventional plastics (PP, PET, PS, PLA) vs. P3HB and P4HB.

3. Predictive Models and Future Perspectives on PHB Degradation
Degradation is a process by which polymer chains are broken down into smaller

chains, resulting in varied physical characteristics of the polymer and produced degra-
dation products (e.g., monomers and oligomers) [34,35]. The degradation behavior and
physical properties of biopolymers are affected by factors including the structure of polymer
backbone, synthesis approach, processing parameters, and degradation processes [36].

The biodegradability of blended polyhydroxyalkanoates (PHAs) is a complex yet
critical research area, influenced by multiple factors including the physicochemical prop-
erties of the material itself, environmental conditions, and microbial communities. Key
material properties such as crystallinity, monomer composition, molecular weight, and
surface morphology significantly affect degradation rates. For instance, copolymers with
a lower crystallinity (e.g., PHBV) generally degrade more readily than highly crystalline
homopolymers (e.g., PHB) [37]. Additionally, environmental factors such as temperature,
oxygen availability, pH, salinity, and humidity play important roles in the degradation
process. In marine environments, factors such as temperature, light exposure, and salin-
ity influence degradation rates, with higher degradation observed during summer due
to elevated temperatures and increased microbial activity. In freshwater environments,
PHB degradation proceeds more slowly, often taking months or even years, depending
on the material’s properties and environmental conditions [38]. Although existing stud-
ies indicate that blended PHA exhibits good biodegradability, many issues remain to be
thoroughly explored.

P3HB and P4HB undergo degradation through both non-enzymatic and enzymatic
hydrolysis within the human body. This process breaks down the polymers into metabolites
that are naturally occurring in body, which accounts for their favorable biocompatibility
and suitability for medical applications [39]. The hydrolysis of P4HB in vivo is initiated
by the diffusion of water into the polymer matrix, leading to chain scission. Enzymatic
activity, potentially from non-specific esterases and lipases, then drives surface erosion
of the polymer [40,41]. As a result, P4HB-based medical devices, like PHASIX mesh
and P4HB plugs, are typically fully resorbed within 12–18 months [42]. Studies have
shown that in a subcutaneous environment, the degradation rate of P4HB is slower than
that of polyglycolic acid (PGA) but faster than that of poly(L-lactic acid) (PLLA) and
poly(ε-caprolactone) (PCL). The degradation kinetics of P4HB are further governed by its
physical structure. For instance, in a juvenile sheep model for pulmonary artery patch
augmentation, the mass loss of implanted P4HB patches was positively correlated with
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surface porosity, suggesting that the in vivo degradation rate is influenced by the available
surface area. The cleaving of hydrolytically unstable bonds in the polymer backbone results
in a gradual erosion of the polymer surface and an overall decrease in molecular weight,
which eventually break the mechanical integrity of the bulk material. Erosion is more like a
beginning process of bioplastic hydrolysis, which is a physical process normally started
from the bioplastic surface. Erosion is determined by parameters such as the attachment of
biological materials (important), diffusion rates, and kinetics of the hydrolysis itself. The
further degradation results in the formation of constituent monomers. Moreover, unlike
synthetic absorbable polymers such as PGA, which can undergo a sudden and significant
loss of mechanical strength, P4HB implants exhibit a more gradual change in its mechanical
properties. This controlled degradation enables the release of 4-hydroxybutyrate (4HB) into
the bloodstream, thereby preventing local acidification and the systemic accumulation of
acidic byproducts. Consequently, the gradual biodegradation of P4HB into well-tolerated
natural metabolites confers a superior in vivo stability profile, representing a significant
advancement in the fabrication of medical implants and scaffolds [43,44].

It is notable that P3HB can be biodegraded in various environments, including aerobic
conditions (e.g., soil) and anaerobic conditions (e.g., sludge), as well as in freshwater and
saltwater. Examples of this include degradation in soil, marine degradation (ASTM D6691-
17 for floating plastics [45], ASTM D7473-12 for buried plastics [46], and ASTM D7991-15
for tidal zone plastics [47]), and composting (ASTM D5338-15 [48]).

Anaerobic degradation mainly encompasses landfill composting. The biodegradation
of PHAs produces carbon dioxide and water as the main end products, along with small
organic molecules. These products are generated during both aerobic and anaerobic degra-
dation processes, depending on the conditions such as composting, landfill, and aquatic
environments. Degradation tends to propagate rapidly in the amorphous PHB regions
compared to the crystalline regions; therefore, it is crucial to investigate the degradation
related to both amorphous and crystalline regions of the PHB, with the PHB LCA illustrated
in Figure 4 [49].

Figure 4. PHB life cycle assessment (LCA) studies.
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3.1. Microbial and Enzymatic Degradation

The degradation mechanism of PHB can be divided into intracellular and extracellular
types. Intracellular degradation is a cyclic process that varies with nutritional conditions.
The key enzyme, 3-ketothiolase, bidirectionally regulates both synthesis and decomposition.
Amorphous PHB granules are broken down by depolymerase into small molecules, which
then enter the cellular metabolic pathway. Extracellular degradation primarily relies on
enzymatic degradation mechanisms, where numerous bacteria, actinomycetes, and molds
can secrete extracellular depolymerases to act on extracellular PHB. Microbial degradation
is the mechanism that degrades PHB through the process of random hydrolysis of the
material’s ester bonds in the polymer chain, leading to the complete degradation of the
material and formation of CO2 and water [50]. This coincides with the “green” chemistry
concept, and the degraded products can be recycled again. Enzymatic hydrolysis of PHB is
a surface reaction, where the enzymes can attack the polymer free points [51]. The resulting
water-soluble oligomers and monomers are accumulated in a medium. First, the enzymes
attach to the PHB surface and then hydrolytically cleave the polymer, yielding only the
non-toxic, water-soluble monomer R-3-hydroxybutyric acid, so the process involves safe,
closed-loop recycling.

In recent years, significant progress has been made in understanding the mechanisms
of PHB degradation, identifying key degrading microorganisms and characterizing the
degradation behavior of PHB in different environments [52]. Based on their mode of action,
PHB depolymerases can be divided into two types: endo- and exo-acting enzymes. Endo-
acting depolymerases randomly hydrolyze ester bonds within the PHA polymer chain,
producing oligomers and monomers, reducing the molecular weight of the polymer, and
making it more susceptible to further degradation. Exo-acting depolymerases hydrolyze
ester bonds from the ends of the PHA polymer chain, releasing monomers or dimers, and
are key to the complete mineralization of PHB [53]. Professor Jendrossek and his team
have conducted in-depth research on the structure and function of PHB depolymerases,
elucidating the active sites, substrate specificity, and interaction mechanisms of these
enzymes with the PHB surface [54].

The biodegradation behavior of PHB in various natural environments has been ex-
tensively studied. In soil environments, the degradation rate of PHAs is influenced by
temperature, humidity, pH, and microbial communities. Due to high temperature and
humidity, PHB degrades significantly faster in tropical regions compared to temperate
regions. For example, the half-life of PHA films in tropical soils can be as short as a few
weeks, whereas in temperate soils it may take several months [55]. In aquatic environments,
the degradation rate of PHB in freshwater, seawater, and estuarine environments is affected
by salinity, temperature, and dissolved oxygen. Generally, PHB degrades more slowly in
marine environments than in soils, but degradation rates increase significantly under high-
temperature conditions in the summer. In extreme environments, such as permafrost, acidic
soils, mangroves, and coniferous forests, PHB also shows certain degradation capabilities,
although the rates are typically slower.

3.2. Key Degrading Microorganisms and Their Mechanisms

A variety of microorganisms capable of degrading PHAs, including bacteria, fungi,
and actinomycetes, have been isolated from different environments. Among them, bacteria
are the most important degraders. For example, Pseudomonas lemoignei was the first PHA-
degrading bacterium discovered and can secrete multiple types of PHB depolymerases [56].
Currently, about 360 microorganisms are known to synthesize PHA, ranging from
40 to 60 species of microorganisms according to various sources [57]. These microorganisms
secrete extracellular depolymerases that hydrolyze PHB polymer chains into oligomers
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and monomers, which are further metabolized into carbon dioxide and water, achieving
complete mineralization of PHAs. Based on extensive experimental data, researchers
have developed predictive models for PHA degradation under various environmental
conditions. These models can predict the degradation rate and half-life of PHB in specific
ecosystems, providing a scientific basis for the design and application of PHB materials.
Future research should focus on:

1. Molecular-level analysis of degradation mechanisms: in-depth study of the structure
and function of PHA depolymerases to elucidate their interaction mechanisms with
PHB surfaces.

2. Effects of environmental factors: systematic investigation of the influence of tempera-
ture, humidity, pH, salinity, and other environmental parameters on PHB degradation.

3. Regulation of microbial communities: exploring methods to enhance PHB degradation
efficiency by modulating microbial community structures.

4. Optimization of predictive models: integrating big data and machine learning tech-
nologies to improve the accuracy and applicability of PHB degradation predic-
tion models.

4. Current Industry Processing Approaches
In the industry, PHB is commonly processed using conventional methods such as

injection molding [58], extrusion, and calendering [59,60], facilitating the production of a
variety of products ranging from packaging materials to disposable items [61]. Particularly,
the extrusion process is extensively utilized to prepare PHB for a variety of applications.
The process involves melting the polymer and forcing it through a die to form filaments
or sheets, which can then be further processed as needed [62]. Poly(hydroxybutyrate)
(PHB) demonstrates notable resilience and adaptability during thermal processes. During
thermal processing, PHB’s molecular weight could be reduced due to limited thermal
stability. Moreover, the incorporation of polymers like poly-(3-hydroxyvalerate) and poly-
(3-hydroxyhexanoate) enhances PHB’s thermal stability, expanding its processing window
while also decreasing the molecular weight of these copolymers during thermal process-
ing [63]. In the current industrial landscape, PHB processing is predominantly focused on
enhancing the material’s physical properties and expanding its application range. Tech-
niques like injection molding are employed to produce precise and intricate shapes, making
PHB suitable for manufacturing components in the medical and agricultural sectors [64].
Additionally, film blowing is another prevalent method, especially for creating thin films
used in packaging application [60]. Thus the wide range of PHB processing methods
highlight the polymer’s flexibility in industrial applications [65,66].

4.1. Additive Manufacturing Processing

The advent of additive manufacturing (AM) has fundamentally transformed the pro-
duction of various structures utilizing polyhydroxybutyrate (PHB) and its blends, markedly
enriching the biocompatible materials pool accessible for a multitude of applications, par-
ticularly in biomedical and healthcare applications such as scaffolds, stents, suture, and
mesh. Thus, with FDM technology, the polymer is subjected to multiple melting: at the first
stage, granules are obtained from the flake-like polymer isolated from microbial cells (first
melting); then, the filament (rod-like strands) required for 3D printing is obtained from
the granules by melt extrusion (second melting); and finally, the product is printed from
the filament via layer-by-layer fusion deposition technologies (third melting) [26]. Table 2
summarizes the additive manufacturing processing of PHB-based materials, structures, and
their applications. The table lists various PHB composites and blends, such as PLA/PHB-
organoclay composite, PHB-BaTiO3 nanocomposite, and PHBV-ZrO2 composite, along
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with the processing methods used, such as fused deposition modeling (FDM), direct pow-
der extrusion (DPE), and stereolithography (SLA). It also details the structures produced,
including porous scaffolds, films, and conductive traces, and their applications in fields
like tissue engineering, regenerative medicine, and pharmaceuticals. This table provides
a comprehensive overview of the versatility of PHB materials in AM, highlighting the
relationship between material composition, processing method, and end-use application.

Table 2. Additive manufacturing of PHB-based structures.

Material Processing Method Structure Produced Application References

PLA/PHB-Organoclay composite FDM - - [67]

PHB-BaTiO3 Nanocomposite FDM porous cubic scaffold vascularized bone tissue
engineering [68]

PHB/PLA-hydroxyapatite composite FDM - - [26,69]
PHBV-ZrO2 composite FDM porous scaffold regenerative medicine [70]

PHB–cellulose composite FDM - - [71]
PHB-graphite composite, PHB/PLA blend FDM dog-bone specimen - [72]

PHB-MWCNTs composite FDM scaffold, conductive
traces Tissue regeneration [73]

PLA/PHB blend FDM scaffold Medical applications [74]
PHB/PUA blend FDM finger splint cast medical devices [74]

PHB/PLA-Kaolin composite FDM - - [75]
PHB/acetaminophen DPE cubic structure pharmaceutical forms [76]

Urethane
Dimethacrylate/PHB SLA fracture bone cast temporary medical devices [2]

4.1.1. Fused Deposition Modeling (FDM)

PHB polymers are typically transformed into filament via extrusion, which is then
utilized in fused deposition modeling (FDM), one of the most adopted thermoplastic 3D
printing techniques. The filament preparation process involves heating the polymer and
pushing it through a nozzle to produce continuous feedstock for printing. This extrusion
process determines the material’s consistency and quality, which are essential for successful
3D printing. However, the thermal processing of PHB polymers through FDM presents
challenges. PHB alone has a narrow processing window, leading to issues such as filament
breakage and difficulties in controlling filament size during melt extrusion. Consequently,
PHB is often composited with fillers or blended with other organic substances to improve
its printability [26].

Selected fillers can improve the overall processibilities and performances of the 3D-
printed structures. Blending PHB with organic substances, including polymers and small
molecule plasticizers, was found to be an effective way to improve processibilities. Kan-
abenja et al. showed that the addition of polypropylene glycol (PPG) as a plasticizer in
the PHB/PLA blend, reinforced with hydroxyapatite (HA), significantly enhances the
processability and mechanical properties of bio-composite filaments, making them a viable
alternative to commercial PLA for 3D printing applications [69]. Sahin et al. also reported
that blending PLA and PHB helps improve the quality and tensile strength of 3D-printed
specimens [72]. D’Arienzo et al. reported the use of cellulose fibers as micro-filler that
significantly improves the thermal stability and mechanical performance of the resulting
PHB-cellulose composites since the cellulose microfibers strengthen the ester bond and then
form a strong network [71]. Li et al. investigated the use of multiwalled carbon nanotubes
(MWCNTs) as additives and discovered that they enhance the material properties of PHB,
including conductivity and biocompatibility [73]. Furthermore, they demonstrated that
3D-printed PHB/MWCNTs composites can form porous structures that are suitable for
tissue engineering applications.
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4.1.2. Powder/Gel Extrusion

A recent alternative to FDM is direct powder extrusion (DPE). DPE processes physical
blends of materials in the form of pellets or powders through a hot melt extruder in the
printer. This method eliminates the intermediate filament production steps and requires
only a small amount of materials. Moroni et al. reported DPE 3D printing of PHB blended
with acetaminophen, a model drug, for prolonged release and personalized drug delivery
forms [76]. Gel formation was achieved either through the extraction of PHA from dried
biomass or via dissolution in organic solvent, with subsequent cooling to ambient tempera-
ture [77]. The resulting gels were pressed to remove excess solvent, yielding compact gel
cakes, or can be patterned using direct ink printing. Notably, the gels were characterized
by a significant reduction in PHA melt temperature [78,79].

4.1.3. Stereolithography (SLA)

The SLA process is a 3D printing technique that uses resin photopolymerization.
In this method, a laser activates photo-initiators in a resin comprising monomers and
oligomers, triggering a cross-linking reaction that solidifies the structures. SLA has been
adapted for manufacturing PHB-based blends; although PHB lacks photo-active groups,
it can be processed by blending with photoactive resins. Bakar et al. reported on using
SLA to manufacture casts for bone fractures by incorporating urethane dimethacrylate
(UDMA) with photo-initiators and PHB, creating a printable resin with suitable viscosity [2].
However, adding 13% PHB increases the viscosity beyond the threshold suitable for flow-
based printing.

4.1.4. Electrospinning

Electrospinning of Polyhydroxybutyrate (PHB) is an interesting area of research with
potential in various applications, especially in biomedical areas and environmental sus-
tainability. The process involves the application of a high voltage to create an electrically
charged jet of polymer solution or melt, which is then stretched and elongated into fine
fibers. This method allows for the production of fibers with diameters ranging from a few
nanometers to several micrometers. The process involves dissolving PHB in a suitable
solvent (e.g., chloroform, dichloromethane) to form a spinning solution. The viscosity and
concentration of the solution, as well as processing parameters such as voltage, flow rate,
and distance from the needle to the collector, influence the morphology and diameter of the
fibers produced [80]. Electrospun PHB nanofibers have shown promise in wound dressing
materials, scaffolds for tissue regeneration, and drug delivery systems due to their biocom-
patibility and ability to mimic the extracellular matrix. PHB-based nanofibers can be used
in environmental applications such as water filtration and soil erosion control due to their
biodegradability and sustainable sourcing [81,82]. Despite its potential, electrospinning of
PHB faces challenges such as controlling fiber morphology and achieving consistent quality
at large scale. Issues related to solvent toxicity and the need for biocompatible solvents also
need to be addressed for biomedical applications. Future research directions include en-
hancing the mechanical properties of electrospun PHB, exploring new applications in areas
such as energy storage devices and flexible electronics, and optimizing the electrospinning
process for industrial scalability [83].

5. PHB Composites
5.1. Blends Using Biopolymers

Poly (lactic acid) or polylactide, a bio-source based polyester, is made from lactic acid
through polymerization using first generation feedstock (e.g., corn, wheat, and sugarcane).
PLA has been largely used in additive manufacturing with good flexibility, toughness, and
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copolymers with other plastics, rubber, nanofillers, etc., for advanced functions [26]. It has
also been certified as a safe biopolymer by the United States Food and Drug Administration
(FDA) [75]. Main PLA manufacturers are NatureWorks LLC, Pyramid Bioplastics, Cargill,
and Galactic. Natural Works Inc. produces powders, pellets, and filaments available on the
market. PLA is an inexpensive biopolymer compared to other biopolymers such as PHB,
and commercially available PLA products include straws, bags, and containers found in
daily life. While PLA is still more costly than PP and PS, PLA degrades slowly (elevated
temperature needed) and produces CO2 during the degradation process. This issue offsets
the fact that PLA is derived from renewable resources and that some of the gases are
absorbed and fixed; therefore, detailed LCA studies on PHB/PLA blends are needed.

5.1.1. PCL and PBAT

PCL is derived from synthetic feedstock but is biodegradable and has been utilized
intensively in shape memory biomaterials owing to its low Tg and great processibility.
PHB/PCL blends have been incorporated with plasticizers, such as oils and silica particles,
to increase mechanical strength and elasticity. Some drugs, for example, antibiotics, have
been incorporated with PHB/PCL composites for drug delivery use. A future research
direction for PHB/PCL blends would be to make artificial tissue textures for biomedical
uses, such as regenerating bone, tendon, and cartilage [84]. Polybutylene Adipate Tereph-
thalate (PBAT) is a fully biodegradable, synthetic thermoplastic polyester. It is commercially
prominent as a flexible and compostable polymer, primarily designed to replace conven-
tional, non-biodegradable plastics like polyethylene in applications such as packaging
and agricultural films. PBAT is classified as a bioplastic; however, it is important to note
that it is typically derived from fossil-based precursors, not renewable biomass. PBAT
and PHB composites have been studied to improve their biodegradability and enhance
their brittleness using the 3D printing method [85]. A PHB and PBAT blend has been
fabricated using the melt-blowing method to address low efficiency and high consumption
of PHB. This design increased the specific surface area and porosity of the blown films,
with an average pore diameter of 59.66 µm and a fiber diameter of 11.61 µm to be used for
solid-phase denitrification [86].

PHBV was blended with oil and dissolved in solvents for coatings on top of tissue
papers. The resulting coated paper can be utilized as a green-based food packaging material
(e.g., coffee container) instead of wax coating [87]. Martinez-Sanz et al. used solvent casting
to prepare PHBV/BCNW films, showing four times more oxygen and water vapor barrier
properties than neat PHBV with potential use in plastic wraps [88] Abdalkarim et al.
reported that 10% CNC-ZnO/PHBV composites exhibited improvements to mechanical,
barrier, and antibacterial properties [89].

5.1.2. Nanoclay-Based

The clay/PHBV nanocomposites modified through solvent processing could be used
in packaging with enhanced water-barrier properties. Wu et al. systematic study was
conducted on blending PHBV with PBAT and nano-clay toughening and reinforcing agents
to address its inherent brittleness and poor gas barrier performance. The results demon-
strated a significant improvement in the toughness, ductility, and gas barrier properties of
PHBV [90].

5.1.3. Natural Fibers

PHBV composites reinforced with natural fibers have been investigated for the poten-
tial use in respiring food products and water sensitive products, and the manufacturing
approaches are mainly through injection molding and extrusion process for large scale
production. The resulting materials exhibited degraded mechanical properties, while the
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purpose of adding natural fibers is mainly for lowering the expense while maintaining
the PHBV properties as much as possible. Angellier et al. investigated the wheat straw
size, morphology, and content of PHBV composites, focusing on the resulting mechanical
properties and water and oxygen permeability; the findings suggest that small fiber size
and less fiber mass fraction in the PHBV matrix content is preferred when preparing flexible
composites [91,92]. Cellulose crystals/PHBV presented enhanced barrier properties against
oxygen and water vapor for potential use in packaging applications [93]. CNC, which
stands for cellulose nanocrystals, are nanoscale crystalline particles derived from cellulose.
They are known for their high strength, stiffness, and biodegradability. In the context of
PHBV, CNC has been used as a reinforcing agent to improve the mechanical properties of
PHBV-based composites. For instance, studies have shown that incorporating CNC into
PHBV can enhance its tensile strength and modulus, making the composite material more
suitable for various applications.

5.1.4. Natural Rubber

Natural rubbers have also been used in melt blending with PHBV to enhance the
toughness and flexibility of the plastic matrix, with a reported tensile strength of 25 MPa
and 8% increase in elongation at break. The products showed comparable sealability and
water vapor permeability to polypropylene and were reported to be food-contact safe;
however, the composite colors were dark brown, which have to be adjusted in further
investigations [94].

5.2. Plasticizers

One of the issues in using PHB is its brittleness and, therefore, many studies have been
carried out with the inclusion of bio-plasticizers in PHB matrices in hopes of overcoming
this drawback. Examples of bio-plasticizers modified with PHB include glycerol, oxypropy-
lated glycerin, polyethylene glycol (PEG), acetyl tributyl citrate (ATBC), soybean oil, and
epoxidized soybean oil. These compounds were selected based on their high availability,
low cost, and natural origin [95,96].

Plasticizers will continue to display an important part in our economy, ecosystems,
and marine environment. Plasticizers are often low-molecular-weight substances blended
to polymers to facilitate processability, toughness, and flexibility by lubricating the polymer
chains or being obstacles in forming crystalline regions in polymers [97]. Adding plasticizer
to the PHB matrix may be an effective and simple approach to reduce its brittleness
by interacting with PHB’s amorphous regions, reducing secondary bonds interacting
with polymer chains, and in turn lowering the overall crystallinity within the polymer.
Plasticizers may act as lubricants inside polymer chains to increase chain mobility, resulting
in decreases in Tg and Tm of the polymer, providing an improved processing window
for the materials, and prolonging the thermal processing window of PHB. Overall, the
incorporation of plasticizing materials into polymers is a relatively viable approach that
helps reduce costs and improve processability. Sometimes the inclusion of additives brings
new problems in resulted products, for instance, plasticizers in PHB have been found to
cause decreases in tensile properties and the modification of degradability; therefore, these
factors have to be well investigated and controlled based on the expected properties of final
polymeric products. Glycerol acts as a plasticizer to lubricate the polymer chains through
an alcoholysis reaction; at 20 wt%, it is optimal for toughening PHB since fragmented
chains recombine and result in enhanced mechanical ductility [98,99]. The Table 3 shows
the PHB blends and the resulted mechanical properties.
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Table 3. Blends and mechanical performance.

Blends Youngs’ Modulus
(MPa)

Tensile Strength
(MPa)

Elongation at
Break (%) Use Source

PLA/PHBV (80/20)/0.3 wt%
2,5-dimethyl-2,5-di(tert-butylperoxy)hexane (DBPH) - 15.95 - [100]

PE/PHBV (80/20, 70/30) 348.39 + 12.5
299.7 + 8.67

25.93 + 0.72
17.5 + 0.3 -

Packaging, oxygen
transmission rate

(~1200 cm3/cm2 per day)
[101,102]

PHBV/PBS (50/50) 1900 36 - - [103]
PHB/PEG (9:1) 430.97 ± 31.09 12.57 ± 1.09 3.34 ± 0.93 antimicrobial packaging [104]

PHB/PEG (8/1) 254.4 ± 26.7 3.4 ± 0.3 24 ± 6 air filtration or water
filtration [104]

PHB-5% TABC - 14.8 6.3 [105]
PHBV-5%MFC/epoxidized soybean oil 2670.2 ± 21.7 27.3 ± 1.2 1.27 ± 0.11 packaging [106]

starch/12%PHA - 3.75 72.4 packaging [107]

(maleic anhydride-grafted polyhydroxyalkanoate)
PHA-g-MA/(palm fiber) TPF 338 12.9 -

imitation wood, and in
medical and conductive

filaments
[108]

PHA-g-MA/TPF 424 23.7 - - [109]
PHA/50% (polycaprolactone) PCL 280 6.4 51.9 plastic [110]

boric acid cross-linked starch/PHA (cross-linking
agent: boric acid) - 8.55 38.6 packaging [111]

PHA/(siliceous sponge spicules) 2% SSS 342 15 518 biomedical material [112]
PHA-g-(Acrylic acid) AA/2% SSS 372 22 565 - [112]

1% (Cellulose nanocrystals) CNC/PHA 720 ± 20 22.5 ± 0.02 10.43 ± 0.23 paper [113]
PHA/20% (cellulose microfibers) MF 940 ± 0.14 24.9 ± 0.05 3.78 ± 0.11% paper [114]

Exothermic crystallization is a key process in the solidification of PHAs. During
crystallization, heat is released, and understanding the kinetics of this exothermic process
is crucial for controlling the cooling rate during processing. A faster cooling rate can lead
to the formation of smaller spherulites, which are spherical crystalline structures in the
polymer matrix. Smaller spherulites generally result in improved mechanical properties,
such as higher tensile strength and toughness, as they can better distribute stress within
the material.

The rates of formation and morphology of spherulites are influenced by several
factors, including the type of PHA, the presence of additives, and the processing condi-
tions [115]. For example, the addition of nucleating agents can significantly increase the
rate of spherulite formation and reduce their size. Different processing methods, such as
injection molding and extrusion, can also affect spherulite morphology due to variations in
shear stress and cooling rates. Optimizing these characteristics is essential for improving
the durability of PHA-based products. By controlling the crystallization process, it is possi-
ble to reduce the risks of repeated crystallization processes, which can lead to dimensional
changes and mechanical property degradation over time. Additionally, understanding the
relationship between crystallization and biodegradation is important for regulating the
rates of biodegradation. For instance, a more crystalline PHA may degrade more slowly
than an amorphous one, and by adjusting the crystallization behavior through blending
and processing, it is possible to design materials with specific biodegradation rates for
different applications [38]. In conclusion, a comprehensive approach that considers the use
of copolymers, blends with various materials, and a detailed understanding of thermal and
crystallization characteristics is necessary for fully exploiting the potential of PHAs.

6. Applications
Biopolymers are utilized in multiple areas such as eco-friendly packaging, advanced

biological implants, biological and medical applications, and disposable electronics and sensors,
since biopolymers naturally respond to biological matter, exhibited in Figure 5 [116,117].
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Figure 5. PHB applications [118–121].

6.1. Traditional Use-Food Packaging

Food packaging is a primary sector for the end use of plastics; to maintain the hygiene
and integrity of packaged food during use, transportation, and degradation, several factors
have to be considered when choosing packaging materials. These properties mainly refer
to chemical, physical, thermal, mechanical, optical, and oxygen/moisture characteristics.
PHA for bioplastic packaging is one environmentally benign option in line with the concept
of carbon reduction.

The thermal properties of Tg and Tm in plastics are important in selecting food
packaging materials, where Tg should be low enough as not to fail in freezer storage
and Tm should be high enough to withstand maximum temperature use. Plastics with
a low Tg are beneficial in food packaging for freezing storage, but their uses in hot food
packaging are limited. PHB has a relatively low Tg and often perform poorly in terms
of thermal stability under high temperatures (>120 ◦C). Improving the heat resistance of
PHAs (e.g., PHB/wax composites) effectively expands their use and facilitates replacement
of conventional plastics.

PHB has tensile properties similar to conventional plastics, although PHAs’ elongation
at break (normally < 5%) is inferior to conventional plastics. A ductile food packaging
is often desired, and this property can be achieved by adding plasticizers and designing
composites. The barrier properties for food packaging applications refer to the resistance to
oxygen and moisture to maintain food freshness and prolong shelf life. PHAs are permeable
to small molecules such as oxygen, carbon dioxide, water vapor, organic vapors, and some
liquids, with typical barrier properties to oxygen and water moisture. PHB had a good
oxygen barrier property (2–10 cm3 mm m−2 24 h−1 atm−1) compared with other bioplastics,
and thus, increasing the processability of PHAs would promote sustainable packaging
industries [122].

6.2. Emerging Applications

One of the emerging areas for PHB is the biomedical field since it has been FDA
approved bio-safe for medical use and has been utilized as TephaFLEX absorbable su-
tures [123]. Other promising applications include stents, surgical meshes, scaffolds, heart
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valves, wound dressing, medical adhesives, and tapes. Some PHB materials suffer from
high manufacturing cost and poor processability.

Recently, researchers have been intensively investigating PHA scaffolds and mem-
branes used for bone tissue engineering through diverse manufacturing processes [124].
Electrospinning, solvent casting, and additive manufacturing, including material extrusion
and traditional fused deposition modeling, have been used for fabricating PHB membranes,
films, and scaffolds (discussed in the Section on Electrospinning). P4HB-based scaffolds
are particularly well suited for soft tissue applications, as they provide mechanical support
while concurrently enabling robust tissue ingrowth. Furthermore, the material is resorbed
by the body in a predictable and steady manner. Other emerging PHB applications have
been found in additives for textiles and in food for fish and prawn, without causing aquatic
toxicity [125].

With the growing awareness of environmental protection, the applications of PHB in
multiple fields are becoming increasingly widespread and drawing significant attention. In
the realm of eco-friendly materials and composites, PHB can be compounded with natural
fibers such as hemp fiber, bamboo fiber, and wood powder to produce environmentally
friendly wood-plastic composites. These composites not only possess good mechanical
properties but also achieve complete biodegradability, finding extensive applications in out-
door flooring, landscape gardening, and architectural decoration [126]. In the agricultural
sector, remarkable progress has been made in the applications of PHB. PHB agricultural
mulch films can naturally degrade after use, effectively avoiding the “white pollution”
problem caused by traditional plastic mulch films. Additionally, PHA can be used to
manufacture seedling containers and fertilizer coating materials, providing strong support
for sustainable agricultural development [127]. In the field of textiles and fibers, PHA fibers
exhibit excellent breathability and comfort. They can be used alone or blended with natural
fibers such as cotton and hemp to produce biodegradable textiles, including eco-friendly
clothing and medical textiles. As technology advances, the performance of PHB fibers
continues to improve, offering a promising future in the high-end textile industry [128].
The applications of PHB in the automotive and home furnishing sectors are also gradually
emerging. PHB can be utilized to manufacture automotive interior components, sound
insulation materials, and household items. These products not only demonstrate good per-
formance during use but also enable environmentally friendly disposal at the end of their
service life, aligning with the requirements of modern society for sustainable development.

7. Discussion
PHAs are of great importance biopolymers derived from biological sources and can be

completely degraded in a relatively short time. The main barrier to the wide use of PHAs
is its inferior mechanical properties compared to currently used plastics, such as PE and PP.
In addition, the high cost of the microbiological route for large-scale PHA production has
impeded the use of PHAs. Cost reduction can be achieved through the isolation of robust
native microbial producers and the genetic engineering of strains for efficient synthesis,
building upon the significant scientific progress reviewed herein. A major challenge
remains in the high-yield production of P4HB from inexpensive, structurally unrelated
carbon sources, a feat currently only attainable in recombinant strains. Furthermore,
advances in bioprocess engineering and the development of environmentally friendly,
scalable extraction methods that yield polymers of various purities (including endotoxin-
free grades) are essential to enhancing productivity and lowering costs. Expanding the
utility of P4HB also depends on tailoring its molecular weight for specific applications.
While ultra-high-molecular-weight P4HB can be processed into high-strength fibers, low-
molecular-weight variants are suitable for drug delivery or as plasticizers.
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Therefore, the aim should focus on lowering production costs of fabricating inex-
pensive PHA blends, on finding strong bacterial strains, low-cost carbon sources from an
upstream production standpoint, processing techniques, cost-effective blends, and strong
bacterial strains for biodegradation. Advanced genetic engineering and synthetic biology
approaches are needed for developing new bacterial strains and low-cost carbon sources
for waste. Also, advanced techniques for efficient PHA extraction and purification are
important to reduce PHA production cost. Moving forward, efforts will focus on opti-
mizing PHA production processes to enhance cost-effectiveness and scalability, thereby
fostering their integration into a circular economy where materials are reused, recycled, or
composted at the end of their lifecycle.

Future research will explore novel composite formulations and manufacturing tech-
niques to achieve optimal performance while maintaining sustainability. Despite their
promise, PHAs face several challenges that must be addressed to realize their full potential:

1. Cost Competitiveness: PHA production costs are currently higher than those of
traditional plastics. Research efforts will focus on improving fermentation processes,
exploring alternative feedstocks, and scaling up production to reduce costs and
increase competitiveness.

2. Performance Optimization: Enhancing the mechanical, thermal, and barrier properties
of PHA-based materials through advanced processing techniques and innovative
additives remains a critical area of research.

3. Regulatory Frameworks: Developing supportive regulatory frameworks and stan-
dards for PHAs, particularly regarding biodegradability claims, actual on-site GWP
values data, and end-of-life management, will be essential to ensure market acceptance
and environmental impact assessment consistency.

By harnessing the inherent properties of PHAs and leveraging composite technologies,
we can create a more sustainable and resilient future, where materials are not just functional
but also environmentally responsible. As stakeholders across academia, industry, and
policy-making collaborate, PHAs are poised to play a pivotal role in shaping a circular
economy and reducing our dependence on fossil-based plastics.
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