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Abstract Abstract 
In the 21st century, additive manufacturing technologies have gained in popularity mainly due to benefits such as rapid prototy-
ping, faster small production runs, flexibility and space for innovations, non-complexity of the process and broad affordability. 
In order to meet diverse requirements that 3D models have to meet, it is necessary to develop new 3D printing technologies as 
well as processed materials. This review is focused on 3D printing technologies applicable for polyhydroxyalkanoates (PHAs). 
PHAs are thermoplastics regarded as a green alternative to petrochemical polymers. The 3D printing technologies presented 
as available for PHAs are selective laser sintering and fused deposition modeling. Stereolithography can also be applied pro-
vided that the molecular weight and functional end groups of the PHA are adjusted for photopolymerization. The chemical 
and physical properties primarily influence the processing of PHAs by 3D printing technologies. The intensive research for the 
fabrication of 3D objects based on PHA has been applied to fulfil criteria of rapid and customized prototyping mainly in the 
medical area.   

Keywords:Keywords: 3D printing, polyhydroxyalkanoates, biopolymers, stereolithography, fused deposition modeling, selective laser 
sintering, bioprinting

IntroductionIntroduction  
Polyhydroxyalkanoates (PHA) are thermoplastic polyesters of hydroxyalkanoic acids 

biotechnologically produced by fermentation of numerous bacteria and extremophilic 
archaea (1). These microorganisms are cultivated in special fermentation media, which 
contain sources of carbon, nitrogen, phosphorous and minerals. The great benefit for the 
environment and targeted waste management is that carbon sources for biotechnological 
production of PHA can be derived from industrial waste substrates such as soya and malt 
waste (2), waste oil (3), spent coffee grounds (4), winery waste (5) and many others. PHAs 
are formed in accumulating microorganisms as an intracellular secondary product in the 
form of water-insoluble granules and are stored in the cytoplasm. The deposition of PHA 
granules occurs in the stationary phase of the growth curve of the microorganism under 
conditions of the carbons source excess and a lack of the nitrogen source in the fermen-
tation medium. 

So far, over 150 monomers were identified in structures of biosynthesized PHAs. The 
variability of PHA composition is broad and depends mainly on the production micro-
organism and the composition of fermentation media. A typical producer of poly(3-hy-
droxybutyrate) (P3HB) is Cupriavidus necator. However, if a suitable precursor is 
supplemented during the synthesis, C. necator can synthesize poly(3-hydroxy-co-3-hy-
droxyvalerate) (P3HBV) (6, 7). The composition of the polymer as well as conditions used 
in the upstream and downstream processes, affect its molecular weight, polydispersity, 
degree of crystallinity and purity (8). Theoretically, PHAs are divided according to the 
length of the polymer chain into three groups: polymers with short-chain length (3-5 
carbons, scl-PHA), polymers with medium-chain length (6-14 carbons, mcl-PHA) and 
polymers with long-chain length (more than 14 carbons, lcl-PHA). Nevertheless, prac-
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            Bioprocess Engineering tically only scl-PHA and mcl-PHA are available on the global 
polymer market. The leading companies engaged in PHA pro-
duction are shown in Table 1.

Between the often produced and investigated polymer and 

copolymers belong P3HB and some of its copolymers. Ther-
mal, rheological and mechanical properties of PHAs depend on 
their chemical composition and molecular weight. PHAs after 
biosynthesis may reach molecular weight from 0.5 x 105 to 35 x 
105 g mol-1 and polydispersity from 1.1 to 6.0 (9). Physical prop-
erties of P3HB are similar to polypropylene but P3HB is more 
rigid and less flexible material. Its melting temperature is in the 
range of 170 to 180°C. The high brittleness corresponds with 
a high degree of crystallinity (up to 80%). The lower degree of 
crystallinity and higher flexibility may be reached by a forma-
tion of copolymers of 3-hydroxybutyrate with 3-hydroxyvaler-
ate (P3HBV), 3-hydroxyhexanoate (P3HB-co-3HHx), or 4-hy-
droxybutyrate (P3HB-co-4HB). The semi-crystalline structure 
of copolymers differs from P3HB and allows the formation 
of materials with lower brittleness, lower stiffness and higher 
elongation at break. Thermal as well as mechanical properties 
of copolymers are variable and depend on the concentration 
of monomers in copolymers. Table 2 displays the thermal and 
mechanical properties of the selected industrial P3HB and its 
copolymers. It should be emphasized that this data should be 

taken as a property of a given polymer resin with possible con-
tent of various additives because companies do not state the 
exact composition. 

Some of the PHA manufactures offer resins from the 

group of scl-PHA and mcl-PHA directly tailored to custom-
er requirements. PHAs are considered as alternatives to fos-
sil petroleum-based plastics. Their advantages are bio-origin, 
renewability, biodegradability, non-toxicity, biocompatibili-
ty and additional unique properties (gas barrier, UV-barrier, 
piezoelectricity). However, the price of approximately ten euros 
per kilogram of P3HB is a limiting factor for the industry. The 
copolymers are even more expensive due to the different syn-
thesis strategy (e.g., the price of Enmat Y 1000P P3HBV in No-
vember 2020 was about 18 euros) (14-16). Therefore, the use of 
PHA in many industrial sectors is subjected to price. It makes 
sense to find such PHA’ applications where except to biocom-
patibility and biodegradability also other added values are 
given (17). Nevertheless, the current market situation shows 
that the demand for biopolymers began to grow gradually. The 
global PHA market size reached 57 million USD in 2019 and 
was estimated to reach 98 million USD by 2024 (18). 

PHAs have been found suitable for medical applications (19, 
20), food packaging (17, 21), toys, disposable tableware (22), 
agricultural applications (23, 24), automotive, cosmetic (25), 

Table 1.Table 1. List of global manufactures of PHA

CompanyCompany HeadquartersHeadquarters ProductProduct CompositionComposition
Biomatera Toronto, Canada Biomatera Not specified PHA

Biomer Schwalbach, Germany Biomer P3HB
Bio-on Bologna, Italy MINERV-PHA Not specified PHA

DaniMer Scientific Bainbridge, Georgia, USA Nodax PHA Not specified PHA, e.g. P3H-
B-co-3HHx

Kaneka Corporation Tokyo, Japan Kaneka PHBHTM P3HB-co-3HHx

Mango Materials Redwood City, California, 
USA YOPP PHA Not specified PHA

Nafigate Prague, Czech Republic Hydal P3HB
NaturePlast Arago, France PHA Not specified PHA

Newlight Technologies Irvine, CA, USA AirCarbonTM Not specified PHA
RWDC Industries Singapore, Singapore Solon Not specified PHA

Shenzhen Ecomann Biotech-
nology Shandong, China AmBio Not specified PHA

SIRIM Selangor, Malaysia PHA Not specified PHA
TAIF Group Tatarstan, Russian Federation PHA Not specified PHA

TEPHA Massachusetts, USA Tephaflex, TephElas Not specified PHA
TianAn Biological Materials Zhejiang, China ENMAT P3HB and P3HBV

Tianjin Green-Bio Taijin, China Sogreen Not specified PHA, e.g. P3H-
B-co-4HB

P3HB – poly(3-hydroxybutyrate), P3HB-co-3HHx – poly(3-hydroxybutyrate-co-3-hydroxyhexanoate), P3HBV – poly(3-hydroxybutyra-
te-co-3-hydroxyvalerate), P3HB-co-4HB – Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
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textile (26), household applications and more recently in 3D 
printing. Each of the applications requires different processing 
of the materials to meet the required properties. 

 3D printing technologies represent great possibilities for 
producing 3D models according to customer requirements. 
This paper reviews the possibilities of processing of PHAs by 
commonly used additive manufacturing technologies. 

 
2. Additive Manufacturing technologies 2. Additive Manufacturing technologies 
3D printing is a process that allows creating three-dimen-
sional physical objects according to designed engineering 3D 
models. Computer-aided design (CAD) software or other 
animation modelling software are used to create the 3D vir-
tual models. Several 3D printing technologies have been de-
veloped for prototyping or manufacturing of defined objects 
with broad applications in a range of industrial sectors, such 
as education, architecture, jewellery, aerospace, building, den-
tal, medical, pharmaceutical and automotive industry and even 
in the household. The basic principle of these technologies is 
that the object is gradually built in the form of layers of liquid, 
molten powder or molten filament according to a designed 3D 
model. The exact principles of processing and postprocessing 
depend on the type of polymer (thermoplastic, thermoset) and 
its physical form (liquid, hydrogel, powder, and filament) (27). 
Table 3 lists principles of commonly used additive manufactur-
ing (AM) technologies applied for polymers. 

2.1 Polyhydroxyalkanoates processed by stereoli-2.1 Polyhydroxyalkanoates processed by stereoli-
thographythography
Stereolithography (SL) has been used as a 3D printing meth-
od since the 1980s. The printing material is in the form of the 
liquid polymer that are curable through photopolymerization 
(e.g. UV radiation). The successively SL printing method re-
quires photopolymerizable resins, which are cross-linked for 
a few seconds. The curing mechanism depends on the adopt-
ed stereolithographic strategy (polymer resins composition, 
source of light, light intensity, temperature). (28). As crucial 
factors for the unproblematic SL process are considered the ef-
fective content of photo-sensible active terminating functional 
groups and the viscosity lower than 5 Pa.s (29). The typical ste-
reolithographic prepolymers are acrylate monomers, methac-
rylate monomers, epoxides and vinyl ethers. These materials 

are non-biodegradable, insoluble materials with high density 
and modulus and with limited or no biocompatibility. Stere-
olithography is a method producing objects with outstanding 
accuracy and the well-finished surface. However, the standard 
UV curable resins are not biodegradable and usually not bio-
compatible and therefore not suitable for use in medicine. 

Polyhydroxyalkanoates are attractive biocompatible poly-
mers with the ability to degrade in vivo predominantly through 
the phagocytic ability of macrophages, foreign body giant cells 
and osteoclasts (30). However, PHAs do not naturally contain 
photo-polymerizable functional groups that would enable the 
curing reaction necessary for stereolithographic processing. 
One possible way how to develop UV-curable formulation 
based on PHA is to synthesize PHA-oligomers with UV curable 
end groups. Foli et al. presented a successful synthesis of PHA 
curable resins. In this two-step solvent-free synthesis was em-
ployed first the transesterification of poly(3-hydroxybutyrate) 
with 1,4-butanediol. In the second step, the received PHB-diol 
was modified by a reaction with 2-isocyanatoethyl methacry-
late. Finally, PHB oligomers with methacrylate functionalities 
were obtained. This work showed that the developed methac-
rylated PHB oligomers were soluble in propylene carbonate at 
90°C and after addition of photo-initiator were photo-polym-
erizable under UV light within 10 minutes (29).  

Foli et al. presented that photocurable resins may be syn-
thesized based on methacrylated PHB oligomers. However, it 
is not sure whether these materials after photopolymerization 
will be biocompatible and biodegradable. This should be an-
swered through further research.

2.2 Polyhydroxyalkanoates processed by selective la-2.2 Polyhydroxyalkanoates processed by selective la-
ser sinteringser sintering
Selective laser sintering (SLS) is an AM technique based on 
the powder bed fusion and formation of a 3D model by the 
successive layerwise selective sintering by employing a CO2 la-
ser. This technique may serve prototyping as well as large-scale 
industrial production. SLS has been invented and patented by 
Deckard in the mid-1980s (31). Typical materials fabricated 
by SLS are nylon, polycarbonate, nylon/glass composite, wax, 
ceramics, elastomers and metals in the form of powders. Me-
chanical properties of produced objects are directly influenced 
by properties of fused materials, laser sintering processing 

Table 2.Table 2. Thermal and mechanical properties of the selected commercial PHAs (10-13), n – data were unlisted by the company

PolymerPolymer Trade nameTrade name CompanyCompany Melt temperature Melt temperature 
(°C)(°C)

Tensile strength Tensile strength 
(MPa)(MPa)

Elongation at Elongation at 
break (%)break (%)

Modulus Modulus 
(MPa)(MPa)

P3HB Biomer P226 Biomer, Germany 180 25.5 n 1520

P3HBV Enmat Y1000P TianAn Biological 
Materials, China 170 - 176 39 2 2800 - 3500

P3HB-co-3HHx PHBH X 151 A Kaneka Corporati-
on, Japan 126 26 320 950

P3HB-co-4HB Sogreen Tianjin Green-Bio, 
China 110 14 775 n
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parameters (laser parameters, scan parameters and build pa-
rameters including layer thickness and build temperature) and 
post-processing process (32). 

SLS has been announced as a suitable technique for fabrica-
tion of tissue engineering scaffolds due to the computed feasi-
ble fabrication of 3D objects composed of inorganic materials 
and biopolymers with designed porosity (33). Duan and Wang 
have employed calcium phosphate (Ca-P) and poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate (P3HBV) in the form of micro-
spheres and confirmed that SLS method was successfully used 
for the formation of 3D scaffolds with controllable intercon-
necting porous structure (34). These authors further presented 
that Ca-P/P3HBV scaffolds prepared via SLS could be served as 
protective carriers for biomolecules or eventually for releasing 
of drugs (35). SLS scaffolds can be modified with biomolecules 
before 3D printing or by post-printing functionalization by 
adsorption (36). It was found that the porosity and mechan-
ical properties of scaffolds could be modified by laser energy 
density during the selective laser sintering (37). The significant 
advantage of SLS technique is that PHAs despite their low ther-
mal stability in the melt are stable during the SLS process and 
do not change their thermal properties and chemical compo-
sition. It means that the rest material after SLS can be reused 
for additional printing without the loss of the initial material 
properties (38). 

2.3 Polyhydroxyalkanoates processed by fused depo-2.3 Polyhydroxyalkanoates processed by fused depo-
sition modelingsition modeling
Fused deposition modeling (FDM) is an AM technology for the 
formation of 3D objects from thermoplastic filament materials 
by using melt extrusion and formation of the product by lay-

er-by-layer technique. This technology is also known as fused 
filament fabrication (FFF). The principle of this technique is 
the melting of the filament in a small temperature-controlled 
extruder and the deposition of molten polymer onto a plat-
form with ascending order in layers (39). First, the filaments 
are produced by extrusion with a conventional single-screw 
or twin-screw extruder, depending on the composition of the 
extruded material. The usual requirements for the filament 
are low cost, good mechanical properties (sufficient stiffness, 
tensile strength and flexibility), good dimensional stability and 
good shelf life. The filaments are usually made with a diameter 
of 1.75 mm. Filament market offers filaments made of acrylo-
nitrile butadiene styrene (ABS), acrylonitrile styrene acrylate 
(ASA), polyamide (PA), poly(lactic acid) (PLA), poly(lactic 
acid)/polyhydroxyalkanoates blends (PLA/PHA), polyethylene 
terephthalate (PET), thermoplastic copolyester (TPC) and 
thermoplastic elastomer (TPE). Each of these materials have 
their advantages and disadvantages and their choice depends 
on the requirements for the product. Filament manufactures 
offer filaments with special properties (colour, surface effect, 
abrasion resistance, water resistance, functionality, flexibility 
and printing temperature) (40).

PLA and PLA/PHA filaments are biodegradable and their 
products are not recommended for outdoor applications. Their 
most significant advantages are biodegradability and biocom-
patibility thus extending their use to medicine. Neat PHAs are 
not yet available on the market. The reason is not only their 
high price but also their low thermal stability during melt pro-
cessing (41). The most cost-effective polymer from the PHAs 
is P3HB. However, P3HB undergoes significant degradation 
during melt processing, as is evidenced by the colour change 

Table 3.Table 3. Additive manufacturing technologies used for processing of polymers
3D printing technology3D printing technology PrinciplePrinciple PolymerPolymer Physical form Physical form 

Stereolithography (SL)
Photopolymerization (radiation 

curing reaction of polymer in suc-
cessive layers)

Liquid photosensitive polymer Liquid 

Selective laser sintering (SLS)

Steered powder bed fusion by CO2 

laser beam (deposition of layer by 
layer sequence meshes, sintering 

and solidification)

Thermoplastics Powder 

Fused deposition modeling 
(FDM)

Extrusion of the molten filament 
(gradual deposition of layers and 

solidification)
Thermoplastics Filament

3D Bioprinting

Extrusion of the molten (or dis-
solved) polymer and deposition of 
layers through syringes or cartrid-
ges and consequent solidification

Biomaterials with required 
viscosity and flowability

Granules, paste or gel 
materials

Material jetting (MJ)

The charged droplets are steered 
released by the nozzle on the subst-
rate (solidification depends on the 
type of polymer compound, e.g., 

under UV light) 

Various polymer solutions 
with the required viscosity 

(photopolymer or thermop-
lastics)

Ink
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from white to brown and a significant decrease in molecular 
weight, which adversely increases its brittleness. The viscosity 
of P3HB without additives and modification may decrease so 
rapidly during melt processing in the extruder that the polymer 
flows like water and after solidification it acquires enormous 
brittleness.

The rheological properties and thermal stability of P3HB 
do not allow preparing a filament only from P3HB without 
other additives (42). Thermally more stable than P3HB is its 
copolymer with 3-hydroxyvalerate (3HV), P3HBV (43). Rhe-
ological and mechanical properties of P3HBV depend on the 
3HV content in copolymers. As the 3HV content increases, the 
tensile elongation values increase but the tensile strength of 
the copolymer decreases (44). Some authors have tried to inc-
rease the tensile strength of P3HBV by reinforcing with filler. 
However, there is a risk of low interfacial compatibility between 
P3HBV and filler, which impairs the mechanical properties of 
the composite. The production of PHA composites requires the 
chemical modification of the polymer matrix and/or filler (45, 
46). Wu and his colleagues presented the successful preparati-
on of filaments and 3D objects processed by FDM on the base 
of esterified P3HBV and different filler, such as palm fibres, 
carbon nanotubes and siliceous sponge spicules. Esterification 
of P3HBV has proven to be an effective method for improving 
polymer/filler adhesion without adversely affecting the desired 
material properties obtained by the addition of filler (mecha-
nical, thermal, conductive, antistatic or antibacterial proper-
ties) (47-49). Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate 
(P3HB-co-3HHx) is another copolymer that can be extruded 
to produce filaments and subsequently processed by FDM. Its 
rheological properties and thermal stability during melt pro-
cessing are comparable with PLA (42, 50). 

The exact composition of PLA/PHA filaments offered on the 
market is not known; however, the most prefered combination 
is PLA with P3HB or P3HBV (51). For the advanced modifi-
cation of rheological and mechanical properties of PLA/PHA 
blends can be added plasticizers (52, 53). It was found that the 
blending of PLA with PHA up to 20% can markedly improve 
the final ductility of filament. The reason is the formation of the 
uniformly distributed PHA phase in the PLA matrix. The final 
modified crystalline morphology suppresses the brittle failure 
of neat PLA and improves the impact strength (54, 55). Me-
chanical properties of 3D objects mainly depend on the poly-
mer and used additives (56), and the applied filling texture. 
As the filling texture, which may give to the 3D object high 
compression strength and bending strength, was selected the 
diamond-celled core topology (57). Furthermore, set FDM pa-
rameters and post-processing period also contribute to the me-
chanical properties of 3D objects (58-60). The semi-crystalline 
polymer undergoes different phase changes during melting, 
solidification, crystallization and heat changes along with the 
post-processing treatment. These phase processes may cause 
shrinkage which can lead to mechanical defects (61). There-
fore, during the planning phase of FDM of 3D objects must 
be thoroughly selected the following parameters, such as the 

character of filament (polymer type, thermal and rheological 
properties of filament), printing conditions (an internal and 
external specimen’ architecture, printing temperature, working 
platform temperature, printing orientation, layer height) and 
post-processing conditions. 

2.3.1 3D Bioprinting2.3.1 3D Bioprinting
The 3D biopriting is AM methodology for the printing of 3D 
scaffolds using biopolymers in the physical form of granules, 
gel or paste. The material with the low viscosity can be: 1) di-
rectly extruded from a cartridge (a device for melting of gran-
ules) or 2) pressed through a syringe (a device for dosing of 
materials in the form of gel and paste). One possibility is to use 
a polymer solution which is coagulated in a targeted manner in 
another solution (62).

Both devices, the extruder and syringe precisely dispense 
materials on the building platform. Rheological properties of 
layers are transformed by ambient conditions to the stage per-
mitting to apply layer-to-layer build system. The bioplotting 
gives the possibility to adjust the defined outer and inner struc-
ture of scaffolds, which facilitates to create tissues and organs 
according to particular requirements. This methodology is 
popular in the medical research for the fabrication of scaffolds 
based on different medical polymers, such as polylactides (63), 
gelatin ethacryloyl/polyethylene(glycol)diacrylate/alginate (64, 
65), poly(ε-caprolactone) (66), gelatin/alginate, poly(3-hy-
droxybutyrate-co-3-hydroxyhexanoate)/poly(ε-caprolactone) 
(62), poly(lactic acid)/poly(3-hydroxybutyrate) (67)  and many 
others (68). The advantage is the possible combination of mul-
tiple materials in the same printing process. PHAs can be pro-
cessed by the bioprinting method in the form of a solution, 
consequently precipitated into ethanol or directly by extrusion 
of a melted polymer. In the case of melt processing, polymer 
granules should be properly dried before using and the heating 
time should be kept to a minimum. In another case, there is a 
risk of material degradation due to the narrow processing tem-
perature window and high sensitivity to hydrolysis (67). 

ConclusionsConclusions
Polyhydroxyalkanoates are biopolymers offering a whole range 
of exciting properties that are unique compared to common 
petroleum-based polymers. Their application makes sense, 
especially in the applications where non-toxicity, biocompat-
ibility and ability to biodegrade are required. At a time when 
society is burdened with large amounts of plastic waste and 
concerns about contamination of nature and water with plastic 
microparticles, PHAs are proving to be an excellent alternative 
to address this situation. However, it should be emphasized that 
PHAs possess a large group of polymers with different chemical 
structures and properties. 

Theoretically, PHAs can be processed by conventional poly-
mer processing methods, but with some limitations, mainly 
due to their narrow thermal processing window. 3D printing 
technologies belong to relatively new processing technologies 
enabling prototyping as well as the production of unique 3D 
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objects for various segments of the industry. 
There are several additive manufacturing methods suitable 
for thermoplastics and thermosets. This review discusses the 
applicability of stereolithography, selective laser sintering and 
fused deposition modeling to process PHAs and fabricate bio-
degradable 3D products. Each of these methods work on a dif-
ferent processing principle and require polymers in a different 
physical state. The choice of AM methods depends on product 
requirements and applications. One of the most popular and 
the most widespread 3D printing method is fused deposition 
modeling. The fabrication of 3D models on the base of PHAs by 
FDM is possible but with limitation on the selection of specific 
copolymers, modification of material composition with addi-
tives or blending with poly(lactic acid). 

The question is whether the modification of PHA compo-
sition or its mixture will not adversely affect the properties for 
which it has been selected for a given application and whether 
the final price of the 3D product still will be acceptable. The 
most significant use of AM technologies for PHA processing 
seems to be in tissue engineering and regenerative medicine.

AcknowledgementAcknowledgement
This work was funded by the Internal Brno University of Tech-
nology project FCH-S-20-6316 and by the Ministry of Educa-
tion, Youth and Sport of Czech Republic (project 7AMB19AT).

ReferencesReferences
1.	 Koller M. Biodegradable and biocompatible polyhy-

droxy-alkanoates (PHA): auspicious microbial macromol-
ecules for pharmaceutical and therapeutic applications. 
Molecules. 2018;23(2):362/1-/20.

2.	 Yu PH, Chua H, Huang A-L, Ho K-P. Conversion of indus-
trial food wastes by Alcaligenes latus into polyhydroxyal-
kanoates. Appl Biochem Biotech 1999; 78:445-54.

3.	 Obruca S, Marova I, Snajdar O, Mravcova L, Svoboda Z. 
Production of poly(3-hydroxybutyrate-co-3-hydroxyval-
erate) by Cupriavidus necator from waste rapeseed oil us-
ing propanol as a precursor of 3-hydroxyvalerate. Biotech-
nol Lett 2010; 32(12):1925-32.

4.	 Obruca S, Benesova P, Petrik S, Oborna J, Prikryl R, Ma-
rova I. Production of polyhydroxyalkanoates using hy-
drolysate of spent coffee grounds. Process Biochem 2014; 
49(9):1409-14.

5.	 Kovalcik A, Perncivoa I, Obruca S, Szotkowski M, Enev 
V, Kalina M, Marova I. Grape winery waste as a promis-
ing feedstock for the production of polyhydroxyalkanoates 
and other value-added products. Food Bioprod Processs 
2020; 124: 1-10.

6.	 Novackova I, Kucera D, Porizka J, Pernicova I, Sedlacek 
P, Koller M, Kovalcik A, Obuca S. Adaptation of Cupri-
avidus necator to levulinic acid for enhanced production 
of P (3HB-co-3HV) copolyesters. Biochem Eng J 2019; 
151:107350.

7.	 Kovalcik A, Obruca S, Kalina M, Machovsky M, Enev V, 
Jakesova M, Sobkova M, Marova I. Enzymatic Hydrolysis 

of Poly (3-Hydroxybutyrate-co-3-Hydroxyvalerate) Scaf-
folds. Materials. 2020; 13(13):2992.

8.	 Braunegg G, Bona R, Schellauf F, Wallner E. Polyhydroxy-
alkanoates (PHAs) sustainable biopolyester production. 
Polimery-W 2002; 47(7/8):479-84.

9.	 Kumar P, Patel SKS, Lee J-K, Kalia VC. Extending the lim-
its of Bacillus for novel biotechnological applications. Bio-
technol Adv 2013; 31(8):1543-61.

10.	 https://www.materialdatacenter.com/ms/en/Biomer/Bio-
mer/Biomer%C2%AE+P226/63ccd45d/2711.Datasheet of 
Biomer® P226 - PHB - Biomer. download 14.11.20.

11.	 http://www.tianan-enmat.com/#. Technical Data Sheet & 
Processing Guide. download 14.11.20.

12.	 https://kanekabiopolymers.com/. Kaneka Biodegradable 
Polymer Brochure. download 14.11.20.

13.	 http://www.tjgreenbio.com/en/Product.aspx?cid=58&ti-
tle=Performance%20Index. Performance Index of So-
green. download 14.11.20.

14.	 Chen G-Q, Chen X-Y, Wu F-Q, Chen J-C. Polyhydroxy-
alkanoates (PHA) toward cost competitiveness and func-
tionality. Advanced Industrial and Engineering Polymer 
Research. 2020; 3(1):1-7.

15.	 Singh M, Kumar P, Ray S, Kalia VC. Challenges and Op-
portunities for Customizing Polyhydroxyalkanoates. Indi-
an J Microbiol 2015; 55(3):235-49.

16.	 https://helianpolymers.com/enmat-y1000p-phbv-poly-
mer-for-injection-molding-thermoforming.html. EN-
MAT Y1000P PHBV polymer for injection molding / ther-
moforming. download 14.11.20.

17.	 Vostrejs P, Adamcová D, Vaverková MD, Enev V, Kalina 
M, Machovsky M, Šourková M, Marova I, Kovalcik A. Ac-
tive biodegradable packaging films modified with grape 
seeds lignin. RSC Adv 2020; 10(49):29202-13.

18.	 Garside M. Global PHA market value 2019 & 2024. https://
www.statista.com/statistics/1010383/global-polyhydroxy-
alkanoate-market-size/2020.

19.	 Singh AK, Srivastava JK, Chandel AK, Sharma L, Mallick 
N, Singh SP. Biomedical applications of microbially engi-
neered polyhydroxyalkanoates: an insight into recent ad-
vances, bottlenecks, and solutions. Appl Microbiol Biot 
2019; 103(5):2007-32.

20.	 https://www.tepha.com/products/overview/. Tepha Medi-
cal Devices. download 14.11.2020.

21.	 https://www.zeropack.it/. Zeropack. download 14.11.20.
22.	 Poltronieri P, Kumar P. Polyhydroxyalcanoates (PHAs) 

in Industrial Applications. In: Martínez L, Kharissova 
O, Kharisov B. (eds) Handbook of Ecomaterials. Cham. 
;2017, p. 1-30; https://doi.org/10.1007/978-3-319-48281-
1_70-1

23.	 https://marketersmedia.com/how-is-rising-adoption-of-
organic-mulch-driving-biodegradable-mulch-film-mar-
ket/88935449. How is Rising Adoption of Organic Mulch 
Driving Biodegradable Mulch Film Market? Marketers-
Media. download 22.11.2019.

24.	 Amelia TS, Tamothran, AM, Vigneswari, S, Bhubalan K. 



54  |  VOLUME 5 ISSUE 1  |  JANUARY 2021   

Applications of PHA in Agriculture. In: Kalia VC, editor. 
Biotechnological Applications of Polyhydroxyalkanoates: 
Springer; 2019. p. 347-61.

25.	 Barrett A. NAFIGATE, the new generation of Cosmetics 
products based on the Hydal P3HB.  BioplasticsNews. 
https://bioplasticsnews.com/2018/10/15: https://bioplas-
ticsnews.com/2018/10/15; 2018.

26.	 https://materialdistrict.com/article/biodegradable-polyes-
ter-wastewater/. Biodegradable polyester clothing made 
with wastewater. download 25.10.2017.

27.	 Shishkovsky, I. New Trends in 3D Printing, IntechOpen, 
Rijeka Croatia; 2016.

28.	 Bártolo PJ. Stereolithographic Processes. In: Bártolo PJ, ed
itor. Stereolithography: Materials, Processes and Applica
tions. New York, USA: Springer. p. 1-37.

29.	 Foli G, Degli Esposti M, Morselli D, Fabbri P. Two-Step 
Solvent-Free Synthesis of Poly(hydroxybutyrate)-Based 
Photocurable Resin with Potential Application in Stereoli-
thography. Macromol Rapid Comm 2020;41(11):1900660.

30.	 Bonartsev AP, Bonartseva GA, Reshetov IV, Kirpichnikov 
MP, Shaitan KV. Application of Polyhydroxyalkanoates in 
Medicine and the Biological Activity of Natural Poly(3-Hy-
droxybutyrate). Acta Naturae 2019; 11(2):4-16.

31.	 Deckard CR. Apparatus for producing parts by selective 
sintering, US005597589A 1997.

32.	 Gibson I, Shi D. Material properties and fabrication pa-
rameters in selective laser sintering process. Rapid Proto-
typing J 1997; 3(4):129–36.

33.	 Leong KF, Cheah CM, Chua CK. Solid freeform fabrication 
of three-dimensional scaffolds for engineering replace-
ment tissues and organs. Biomaterials 2003; 24(13):2363-
78.

34.	 Duan B, Wang M. Design, selective laser sintering, prop-
erties and in vitro biological evaluation of osteoconductive 
nanocomposite scaffolds for bone tissue engineering. An-
nual Meeting & Exposition of the Society for Biomaterials. 
2010;32(Annual Meeting of the Society for Biomaterials: 
Giving Life to a World of Materials, 2010, Volume 1):118.

35.	 Duan B, Wang M. Encapsulation and release of biomole-
cules from Ca-P/PHBV nanocomposite microspheres and 
three-dimensional scaffolds fabricated by selective laser 
sintering. Polym Degrad Stabil 2010; 95(9):1655-64.

36.	 Saska S, Pires LC, Cominotte MA, Merides LS, de Oliveira 
MF, Alves Maria I, Lopes da Silva V, Ribeiro SJL, Cirelli 
JA. Three-dimensional printing and in vitro evaluation 
of poly(3-hydroxybutyrate) scaffolds functionalized with 
osteogenic growth peptide for tissue engineering. Mat Sci 
Eng C 2018; 89:265-73.

37.	 Diermann SH, Lu M, Zhao Y, Vandi L-J, Dargusch M, 
Huang H. Synthesis, microstructure, and mechanical be-
haviour of a unique porous PHBV scaffold manufactured 
using selective laser sintering. J Mech Behav Biomed 2018; 
84:151-60.

38.	 Pereira TF, Oliveira MF, Maia IA, Silva JVL, Costa MF, 
Thiré RMSM. 3D Printing of Poly(3-hydroxybutyrate) Po-

rous Structures Using Selective Laser Sintering. Macromol 
Symp 2012; 319(1):64-73.

39.	 Mwema F.M., E.T. A. Basics of Fused Deposition Mod-
elling (FDM). In: Mwema F.M., E.T. A, editors. Fused 
Deposition Modeling Strategies for Quality Enhancement: 
Springer, Cham. p. 1-15.

40.	 https://colorfabb.com/filaments. download 14.11.2020
41.	 Kovalcik A, Meixner K, Mihalic M, Zeilinger W, Fritz I, 

Fuchs W, Kucharczyk P, Stelzer F, Drosg B. Characteriza-
tion of polyhydroxyalkanoates produced by Synechocys-
tis salina from digestate supernatant. Int J Biol Macromol 
2017; 102:497-504.

42.	 Kovalcik A, Sangroniz L, Kalina M, Skopalova K, Hum-
políček P, Omastova M, Mundigler N, Müller AJ. Prop-
erties of scaffolds prepared by fused deposition modeling 
of poly(hydroxyalkanoates). Int J Biol Macromol 2020; 
161:364-376.

43.	 Carrasco F, Dionisi D, Martinelli A, Majone M. Thermal 
stability of polyhydroxyalkanoates. J Appl Polym Sci 2006; 
100(3):2111-21.

44.	 Savenkova L, Gercberga Z, Bibers I, Kalnin M. Effect of 
3-hydroxy valerate content on some physical and me-
chanical properties of polyhydroxyalkanoates produced 
by Azotobacter chroococcum. Process Biochem 2000; 
36(5):445-50.

45.	 Magnani C, Idström A, Nordstierna L, Müller AJ, Du-
bois P, Raquez J-M, Re GL. Interphase Design of Cellu-
lose 	Nanocrystals/Poly(hydroxybutyrate-ran-valerate) 
Bionanocomposites for Mechanical and Thermal Proper-
ties Tuning. Biomacromolecules. 2020; 21(5):1892-901. 

46.	 Hassaini L, Kaci M, Touati N, Pillin I, Kervoelen A, Bru-
zaud S. Valorization of olive husk flour as a filler for bio-
composites based on poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate): Effects of silane treatment. Polym Test 
2017; 59:430-40.

47.	 Wu C-S, Liao H-T, Cai Y-X. Characterisation, biodegrad-
ability and application of palm fibre-reinforced polyhy-
droxyalkanoate composites. Polym Degrad Stabil 2017; 
140:55-63.

48.	 Wu C, Liao H. Interface design of environmentally friendly 
carbon nanotube-filled polyester composites: Fabrication, 
characterisation, functionality and application. Express 
Polym Lett 2017; 11(3).

49.	 Wu C-S. Characterization, functionality and application 
of siliceous sponge spicules additive-based manufacturing 
biopolymer composites. Addit Manuf 2018; 22:13-20.

50.	 Valentini F, Dorigato A, Rigotti D, Pegoretti A. Poly-
hydroxyalkanoates/fibrillated nanocellulose compos-
ites for additive manufacturing. J Polym Environ 2019;  
27(6):1333-41.

51.	 Ausejo JG, Rydz J, Musiol M, Sikorska W, Sobota M, 
Wlodarczyk J, Adamus G, Janeczek H, Kwiecien IK, Her-
cog A, Johnston B, Khan HR, Kannappan V, Jones KR, 
Morris MR, Jiang G, Radecka I, Kowalczuk M. A compar-
ative study of three-dimensional printing directions: The 



55The EuroBiotech Journal

degradation and toxicological profile of a PLA/PHA blend. 
Polym Degrad Stabil 2018; 152:191-207.

52.	 Menčík P, Přikryl R, Stehnová I, Melčová V, Kontárová S, 
Figalla S, et al. Effect of selected commercial plasticizers 
on mechanical, thermal, and morphological properties 
of poly (3-hydroxybutyrate)/poly (lactic acid)/plasticizer 
biodegradable blends for three-dimensional (3d) print. 
Materials 2018; 11(10):1893.

53.	 Kontárová S, Přikryl R, Melčová V, Menčík P, Horálek M, 
Figalla S, Plavec R, Feranc J, Sadilek J, Pospíšilová A. Print-
ability, Mechanical and Thermal Properties of Poly(3-Hy-
droxybutyrate)-Poly(Lactic Acid)-Plasticizer Blends for 
Three-Dimensional (3D) Printing. Materials 2020; 13(21).

54.	 Ecker JV, Burzic I, Haider A, Hild S, Rennhofer H. Improv-
ing the impact strength of PLA and its blends with PHA in 
fused layer modelling. Polym Test 2019;78:105929.

55.	 Kaygusuz B, Özerinç S. Improving the ductility of poly-
lactic acid parts produced by fused deposition modeling 
through polyhydroxyalkanoate additions. J Appl Polym 
Sci 2019; 136(43):48154.

56.	 Pop MA, Coritoru C, Bedo T, Geamän V, Radomir I, Za-
haria SM, Chicos LA. Influence of internal innovative ar-
chitecture on the mechanical properties of 3D polymer 
printed parts. Polymers  2020; 12(5):1129.

57.	 Zaharia SM, Enescu LA, Pop MA. Mechanical perfor-
mances of lightweight sandwich structures produced by 
material extrusion-based additive manufacturing. Poly-
mers 2020; 12(8):1740.

58.	 Oviedo AM, Puente AH, Bernal C, Perez E. Mechanical 
evaluation of polymeric filaments and their corresponding 
3D printed samples. Polym Test 2020; 88:106561.

59.	 Guessasma S, Belhabib S, Nouri H. Microstructure and 
mechanical performance of 3D printed wood-PLA/PHA 
using fused deposition modeling: effect of printing tem-
perature. Polymers 2019; 11(11):1778.

60.	 Ausejo JG, Rydz, J, Musiol M, Sikorska W, Janeczek H, 
Sobota M, Wlodarczyk J, Szeluga U, Hercog A, Kowal-
czuk M. Three-dimensional printing of PLA and PLA/
PHA dumbbell-shaped specimens of crisscross and trans-
verse patterns as promising materials in emerging appli-
cation areas: Prediction study. Polym Degrad Stabil 2018; 
156:100-10.

61.	 Rydz J, Wlodarczyk J, Ausejo JG, Musiol M, Sikorska W, 
Sobota M, Hercog A, Duale K, Janeczek H. Three-dimen-
sional printed PLA and PLA/PHA dumbbell-shaped spec-
imens: material defects and their impact on degradation 
behavior. Materials 2020; 13(8):1-16.

62.	 Puppi D, Morelli A, Chiellini F. Additive Manufactur-
ing of Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)/
poly(ε-caprolactone) blend scaffolds for tissue engineer-
ing. Bioengineering 2017; 4(2):49.

63.	 Jain S, Fuoco T, Yassin MA, Mustafa K, Finne-Wistrand 
A. Printability and Critical Insight into Polymer Proper-
ties during Direct-Extrusion Based 3D Printing of Medical 
Grade Polylactide and Copolyesters. Biomacromolecules 

2020; 21(2):388-96.
64.	 Jain S, Yassin MA, Fuoco T, Liu H, Mohamed-Ahmed S, 

Mustafa K, Finne-Wistrand A. Engineering 3D degrad-
able, pliable scaffolds toward adipose tissue regeneration; 
optimized printability, simulations and surface modifica-
tion. J Tissue Eng 2020; 11:1-17.

65.	 Zhou X, Nowicki M, Sun H, Hann SY, Cui H, Esworthy 
T, Lee JD, Plesniak M, Zhang LG. 3D Bioprinting-Tunable 
Small-Diameter Blood Vessels with Biomimetic Biphasic 
Cell Layers. ACS Appl Mater Inter 2020; 12(41):45904-15.

66.	 Narayanan LK, Shirwaiker RA. Experimental character-
ization and finite element modeling of the effects of 3D 
bioplotting process parameters on structural and tensile 
properties of polycaprolactone (PCL) scaffolds. Applied 
Sciences 2020; 10(15):5289.

67.	 Balogová AF, Hudák R, Tóth T, Schnitzer M, Feranc J, 
Bakoš D, Živčák J. Determination of geometrical and vis-
coelastic properties of PLA/PHB samples made by addi-
tive manufacturing for urethral substitution. J Biotechnol 
2018; 284:123-30.

68.	 Pan T, Song W, Cao X, Wang Y. 3D bioplotting of gelatin/
alginate scaffolds for tissue engineering: influence of cross-
linking degree and pore architecture on physicochemical 
properties. J Mater Sci Technol 2016; 32(9):889-900.


