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Abstract Polyhydroxyalkanoates (PHAs) are polyesters synthetized by microor-
ganisms or a chemical synthetic route with inherent chemical and physical properties 
comparable to conventional non-biodegradable polymers but a less environmental 
impact. Furthermore, the new generations of PHAs have found engineering and 
specialties applications in biotechnological sector, biomedical for tissue engineering, 
drug delivery, etc. Similarly, synthesis, processing and recycle of PHAs involves 
processes that helps to change until a circular and green economy. Nevertheless, the 
low cost-effectiveness associated with fermentation and downstream processing for 
recovery and purification of PHAs after biopolymerization are one of the issues that 
remains. Additionally, PHAs offer several mechanical behaviors from hard to elastic 
due to partial crystallinity, wide values in glass transition temperature, variety of 
structures of repeating units, as well as several additives and fillers to design tailor-
made properties. Moreover, PHAs are usually blended with other biodegradable poly-
mers searching synergistic interactions (e.g., in mechanical, biodegradability, barrier 
properties, etc.) through miscibility modification and microdomains interactions for 
the diversification of their applications. Eventually, single use products of PHAs for 
packing could improve the managing plastics waste through reach short times of 
biodegradation, a carbon neutrality and the use of some residues and contaminants 
sources as raw materials for PHAs synthesis. 

Keywords Polyhydroxyalkanoates synthesis · Synergistic interactions ·
Biodegradability 

1 Introduction 

In the last years, the production rate of plastics has reached above 360 million tons per 
year [1] even during the economy contraction by COVID-19 pandemic. Considering 
the substantial quantities of plastic waste generated, only 9% is recycled, 19% is
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incinerated, 50% reaches landfills and 22% remains as uncollected litter or misman-
aged [2]. Additionally, approximately of 0.02% of plastic waste leaked into aquatic 
environments and 0.005% flowed into oceans [2]. While a build international will-
ingness and participation to curb plastic pollution through summits, agendas, social 
and individual strategies [3, 4] and governmental regulations [5, 6] the plastic waste 
exceeds the efforts to mitigate plastic pollution [7, 8]. 

Green polymers are produced using green chemistry, and IUPAC defined the latter 
as the invention, design and application of chemical products and processes to reduce 
or to eliminate the use or generation of substances hazardous to humans, animals, 
plants, and the environment [9]. Polyhydroxyalkanoates (PHAs) are one of the 
most attractive types of green polymers due to biodegradability [10], compostability 
[11], biocompatibility [12, 13], hydrophobicity [14], wide availability in mechanical 
behavior [15], barrier properties (for single-use products) [16], etc. [17]., in medical, 
environmental, energy and other areas [18]. 

The PHAs are polyesters synthetized by a wide variety of microorganisms (gener-
ally by bacteria) or via pure chemical synthesis with inherent chemical and physical 
properties so useful as the single-use and non-biodegradable polymers showing a 
less environmental impact compared with conventional polymers [17]. Furthermore, 
the new generations of PHAs have found specialties and engineering applications as 
in biotechnological sector, for example, in biomedical for tissue engineering, drug 
delivery, cosmetic surgery, etc. [19]. 

For the most part, the PHAs are synthetized by microorganisms producing lipid 
inclusions for energy storage in granular form inside the microorganisms’ struc-
ture. The advantage of PHAs considering other biopolymers is based on mechan-
ical and thermal response because are natural polyesters of 3-, 4-, 5-, 6- and m-
hydroxyalkanoic acids which produces generally thermoplastic polymers. In the 
backbone of polymer chain there is a –O–C– chemical bond that it makes sensitive 
(due to polarity of the covalent bond) to chain scission via hydrolysis using a biotic 
and/or abiotic degradation, see Fig. 1.

Compared to other biopolymers, polyhydroxyalkanoates have more than 150 
different repeating units [22, 23], with a general structure that is shown in Fig. 1. 
If the group R = CH3 the polymer is named polyhydroxybutyrate of poly (3-
hydroxyalkanoate) (P3HB). Nowadays, there are available several chemical func-
tionalizations of the side groups of PHA searching for specific activities and interac-
tions to diversify their applications. The molecular weight of PHAs is from hundreds 
to several million Daltons according to type of microorganisms, metabolic route, 
the type of reactor operation and carbon sources fed for the PHAs obtained with 
microbes and stability of polymerization mechanism, as well as conditions and type 
of reactor for a pure chemical synthesis. 

According to the size of repeating units the PHAs are classified into three main 
groups:

. Short chain length (scl-PHA): if the PHAs have 3–5 carbon atoms into repeating 
unit, leading to a mechanical behavior rigid and brittle, not recommended for 
biomedical and packing film applications.
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methyl poly (3-hydroxybutyrate)/P3HB nonyl poly (3-hydroxydodecanoate)/P3HDD 

ethyl poly (3-hydroxyvalerate)/P3HV decyl poly (3-hydroxytridecanoate)/P3HTriD 

propyl poly (3-hydroxyhexanoate)/P3HHx undecyl poly (3-hydroxytetradecanoate)/P3HTD 

pentyl poly (3-hydroxyoctanoate)/P3HO dodecyl poly (3-hydroxypentadecanoate)/P3HPD 

hexyl poly (3-hydroxynonaoate)/P3HN tridecyl poly (3-hydroxyhexadecanoate)/P3HHD 

heptyl poly(3-hydroxydecanoate)/P3HD tetradecyl poly (3-hydroxyheptadecanoate)/P3HHpD 

Fig. 1 General structure of polyhydroxyalkanoates [20, 21]

. Medium chain length (mcl-PHA): for PHAs having 6–14 carbon atoms, shows an 
elastomeric response to mechanical tests but a lower mechanical stress that limits 
the applications. 

. Long chain length (lgl-PHA): the repeating unit with more than 15 carbon atoms 
with elastomeric properties [15]. 

The mechanical properties and green characteristics depends or their pathways 
synthesis [24], chemical structure [25] and the hierarchy structure at nano and micro 
level. Because of chemical and structure difference of repeating units in PHAs, the 
physical, chemical, physicochemical properties as well as biodegradation differs 
from each other. 

The PHAs have several disadvantages of microbial biopolymers in comparison 
to synthetic polymers, one of them are the high costs involved in the fermentation 
process, the carbon source, the efficiency of PHAs yield, the productivity of the 
process and down-stream processing [26, 27]. The final cost of PHA is directly 
related to PHA accumulation capacity of microorganism and productivity of the 
process. Furthermore, the economy of the process is still governed by the final appli-
cation of the end products [28]. Nevertheless, these are eco-friendlier materials for 
production of single-use products, and these have several applications in medical 
fields. In addition to the advantages mentioned, the life cycle analysis has shown 
that PHAs are more sustainable that conventional synthetic polymers [17]. The big 
challenges are focus on segregate the pure monomers from complex mixtures and the 
biotechnologies of genetic engineering of microorganisms that allows the develop 
of new strains with higher accumulation capacities.
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2 Synthesis of Polyhydroxyalkanoates 

The synthesis of PHAs has been focused in two main routes: (1) biosynthesis to obtain 
semiprecision/speciality/engineering polymers [29, 30] and (2) precision polymers 
obtained by chemical routes for advanced applications searching stereoregularity 
[31], tacticity [32], sequence [33] and specificity [15] as well as incorporation of new 
side groups or functional groups [34]. Nevertheless, both ideas contribute to develop 
of mechanisms for diversification of structures’ polyhydroxyalkanoates and with this 
an increase of applications with a variety of chemical, physical and physicochemical 
properties. 

2.1 Natural and Synthetic Synthesis 
of Polyhydroxyalkanoates 

Biological and bioinspired polymerizations make use of the key feature in biology, the 
sequence control during biopolymerization. Here, the high complexity, and advanced 
properties of proteins of proteinaceous (e.g., enzymes) or polynucleotide (as in ribo-
somes) in nature involved in these polymerization mechanisms is simplify through 
metabolic pathways to obtention of PHAs. 

The PHAs can be obtained by microorganisms are from ten thousands to several 
million Dalton controlling the PHA synthase structures and activities [35] and 
metabolic pathways that is not easily by a chemical synthesis approaches [36]. 
Besides, is easy to understand the lower cost in production at industry level because 
of diversification of raw materials. On the other hand, a higher control in the struc-
ture, sequence of repeating units, stereoregularity and chain’s architecture of the 
polymer can be expected using ring-opening polymerizations (ROP), among other 
polymerization types. 

2.1.1 Natural Synthesis of Polyhydroxyalkanoates 

Natural Microorganisms 

The P3HB was the first PHA and was found by Maurice Lemoige in 1926 as intra-
cellular granules in bacterium Bacillus megaterium [37]. Since that time, the P3HB 
has been the most studied and well characterized to be used as reserve material in 
bacteria above 80% of the cell dry weight (CDW) [38]. A biological polymeriza-
tion is commonly described through metabolized mechanisms normally catalyzed 
via enzymatic process. However, natural biosynthesis of PHAs regularly does not 
allows a high control over the polymer chain [30] and isotactic polymers, as well as 
random copolymers are the usual PHAs produced.
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Fig. 2 Mainly metabolic pathways to synthetize polyhydroxyalkanoates [42] 

A key factor for the structure of PHAs synthetized inside of microorganisms 
is the carbon sources fed. Thus, the molecules supplied as raw materials to the 
enzyme PHA synthase define the ended structure of PHAs. Considering the require-
ment of nutrients, nutrient stress (i.e., the deficiency or excess of nutrients along 
the time), and their growth pattern, PHA accumulating bacteria have been classified 
into two main groups: (G1) those that needs limited nutrients such as phosphorous, 
nitrogen, oxygen, sulfur and magnesium to store PHAs and are not able biosynthesize 
PHAs during their growth periods [39, 40] (e.g., A. eutrophus, Protomonas extorques, 
Pseudomonas oleovorans, and Pseudomonas) and (G2) the bacteria not affected by 
nutrient limitation, and it can accumulate PHAs during its growth phase [41] (e.g., 
Alcaligenes latus, Promotomonas extorquens, and recombinant Escherichia coli) 
[17]. 

Heretofore, there are three primary metabolic pathways (see in Fig. 2) reported 
to synthetize PHAs: 

Pathway 1: To obtain scl-PHAs between 3 and 5 carbon atoms, generally starts 
with the production of 3HB monomers by the Krebs cycle, involving the acetyl-CoA 
in presence of 3-ketothiolase enzyme (or PhaA) from sugars, fatty acids, oils or amino
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acids that are converted to acetoacetyl-CoA reductase to hydroxybutyryl-CoA and 
polymerized by scl-PHA synthase to produce P3HB [17, 43, 44]. 

Pathway 2: Initiate with the fatty acids as raw material by way of the β-oxidation 
in presence of 3-hydroxyacyl-CoA enzyme and mcl-PHA synthase [45] or  lcl-PHA 
synthase [46], which preference of size of the repeating unit is due to proteins in the β-
oxidation pathway for each one microorganism. Here, the fatty acids are transformed 
into enoyl-CoA and then by R-3-hydroxyacyl-CoA hydrates to R-3-hydroxyacyl-
CoA to produce mcl-PHA polymers through mcl-PHA synthase. Moreover, a few 
PHA synthases in natural (e.g., Thermus thermophilus HB8, see Table 1) and engi-
neered microorganisms (e.g., Transgenic arabidopsis thaliana [36], see Table 2) can 
produce copolymers of scl-mcl-PHAs, simultaneously utilizing pathways I and II.

Pathway 3: The in situ fatty acid synthesis or the use of substrates as glucose, 
sucrose and fructose pathway starts with R-3-hydroxyacyl-(acyl carrier protein) ACP 
dehydratase in presence of 3-hydroxyl-ACP-transacylase (PhaG enzyme) to produce 
R-3-hydroxyacyl-CoA and with mcl-PHA synthase finally obtain mcl-PHAs [17, 84]. 

Considering the activities of PHA synthase and depolymerase can affects the 
size of molecular-weight, Mn, the effect can be minimized in presence of chain 
transfer agents (as in traditional polymerizations) being helpful for the control using 
poly(ethylene glycol) (PEG), methanol, ethanol and isopropanol in the culture or via 
mutations in the N-terminus of PHA synthase [85]. Nevertheless, small changes 
during biopolymerization normally leads to variations in final molecular weight 
between a batch and another even at the same conditions. 

Extremophile Microorganisms 

Extremophiles, which concept is different from extremotolerant, are highly adapted 
and metabolically active under uncommon environmental. Their use for the synthesis 
of PHA increases the biological conditions to production of biopolymers at high 
temperatures, extreme pH conditions, salinity, radiation, desiccation, man-made toxic 
environments (such as toxic metals, surfactants, etc.) and other unfavorable environ-
mental conditions to overcome, for example, in landfills, ocean, vinasses and toxic 
waste. 

Extremophilic archaea could be an economically viable option in conventional 
aerobic processes [86]. However, their pathways and PHA accumulation capacities 
are less-know, even so, specific adaptive mechanisms towards extreme environments 
by extremophiles and specific role of PHAs are grow up [87]. Additionally, genetic 
engineering and process engineering approaches are required for high-rate PHA 
production using extremophilic archaea [86]. 

Haloarchaea and halophilic bacteria are considered a promising cell factories for 
PHA synthesis due to its several unique characteristics as high salinity requirement 
to avoid microbial contamination, high intracellular osmotic pressure allowing easy 
cell lysis for PHA recovery, and the use of a wide variety of low-cost substrates [64]. 
Within these, Hfx. mediterranei can produce PHAs from various organic substrates 
up to 70% of dry weight biomass [64].
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Table 1 Synthesis of polyhydroxyalkanoates by microorganisms and extremophilic microorgan-
isms 

PHA Carbon source Microorganism Cell dry weight % 
(w/w) 

Natural synthesis of PHAs 

P3HB CO2 Cupriavidus necatorH16 88.9 [47] 

Glucose Novosphingobium 
nitrogenifigens Y88 

81.0 [48] 

Fructuose, glucose Azohydromonas lata 76.5–79.4 [49] 

Malt waste Azohydromonasaustralica 70.0 [50] 

4-hydroxyhexanoic, 
CO2 

AlcaligeneseutrophusTF93 67.2 [51] 

P3HV Pure glycerol Bacillus sp. ISTVK1 85.2 [52] 

Glucose Bacillus sp. ISTC1 47.0 [53] 

NaHCO3 and glucose Serratia sp. ISTD04 45.5 [54] 

scl-PHA Sugarcane liquor P. fluorescence A2a5 70.0 [55] 

Commercial glycerol Cupriavidusnecator DSM 545 62.0 [56] 

Activated sludge Acetate 59.0 [57] 

mcl-PHA Unsaponifed olive oil Aeromonascaviae 96.0 [58] 

Nonanoic acid Pseudomonas putida KT2440 26.8–75.4 [59] 

Fatty acids P. putida Bet001 49.7–68.9 [60] 

scl-mcl-PHA Whey Thermus thermophilus HB8 35.6 [61] 

P3HB3HV Vinasse Haloferax mediterranei 50.0–73.0 [62] 

Hydrolyzed whey and 
valerate 

Hydrogenophagapseudoflava 40.0 [63] 

Natural synthesis of PHAs by extremophile microorganisms 

P3HV3HV Pre-treated vinasse Hfx. mediterranei 70.0 [64] 

PHB Cellobiose H. halphila 90.8 [64] 

P3HB3HV Maltose H. campisalis 45.0–81.0 [64] 

P3HB Glucose Rubrobacter xylanophilus 51.5 [65] 

P3HB Glycerol Chelatococcus daeguensis 73.0 [66] 

P3HB Glycerol Zobellella denitrificans MW1 66.9 [67] 

PHA Plant Bacillus licheniformis 62.0 [68] 

PHA Palm oil mill effluent B. licheniformis M2–12 88.7 [69]

The actinobacteria Rubrobacter xylanophilus has been exposed to multi-
extremophilic growth conditions shown highly radiation-resistant, halotolerant, ther-
motolerant or even thermophilic with accumulation of PHAs [65], see Table 1.Awide  
spectrum of thermophilic microorganisms had been reported for the production of 
PHAs as Chelatococcus daeguensis TAD1, Zobellella denitrificans MW1, Bacillus
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licheniformis and B. licheniformis M2–12 with a higher content of dry weight over 
60% of biomass [88]. 

The metabolic pathways do not exist in all extremophiles and the specific produc-
tion of PHAs in extremophiles are not well-understood yet. Nevertheless, a necessity 
to develop genetic engineering approaches might improve their capacity for their 
commercialization and application in real scenarios. 

2.1.2 Synthetic Biosynthesis of Polyhydroxyalkanoates 

The production of PHAs can also be obtained via biosynthetic pathways, via genetic 
engineering, metabolic engineering, or synthetic biology approaches. In addition, 
genetically engineered polymers are designed by sequence-specific polymers by 
genetic engineering [89] as the case of proteins and polynucleotides used in genetic 
tools, technologies, processes, and other methods. With the development of genome 
editing and molecular biology approaches and modifying the PHA synthase enzyme, 
tailor PHAs can be synthetized with some degree of control in sequence of repeating 
units (random or block copolymers) and composition of repeating unit, changing 
the biodegradability, biocompatibility, as well as the thermal/mechanical and other 
properties [36]. 

In natural biosynthesis of PHAs the molecules fed to microorganism are struc-
turally related to structure of repeating units of PHAs. However, the enzyme PhaC 
synthase is a key to create new metabolic pathways to use new molecules as raw 
materials as sugar that are low-cost [36, 90, 91]. PhaC is the most important element 
to determine the PHA composition because in bacteria depends not only on monomer 
supply, but also on specificity of PHA synthases [92]. Other advantage on the use of 
genetic modified microorganisms is for the search of a high production of PHA by 
microorganism or design tailor-made and robust microbes to produce PHA even for 
waste. 

The case reported of the fatty acid in β-oxidation pathway and the 3-hydroxyacyl-
ACP:CoA transacylase (PhaG) in Pseudomonas putida, increases the fatty acid flux 
and obtaining a higher accumulation of mcl-PHA syntheses [93]. The genetic engi-
neering of genes to modify the PhaC encoding a lees-specific PHA synthase in 
pathway 2 allows the synthesis of PHAs as homopolymers, random or block copoly-
mers, and functional polymers [94, 95], see Table 3. Some PHA synthases have been 
reported to polymerize scl and mcl repeating units as enzymes with the feature of 
low-specify PHA synthases which can be modified by molecular evolution or by 
chimera formation [36].

Taking into consideration one of the tools of genetic engineering, the system clus-
tered regularly interspaced short palindromic repeats (CRISPR) associated to protein 
9 (Cas9) has been used to edit eukaryotic genomes [98]. CRISPR Cas9 has been 
applied to control PHA biosynthesis pathway flux and to adjust PHA composition 
changing the composition of PHA synthase [99].
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Table 3 Mechanical and thermal properties of P3HB and their copolymers [96, 97] 

Material Maximum 
stress 
(MPa) 

Maximum 
deformation 
(%) 

Young’s 
modulus 
(GPa) 

Glass transition 
temperature 
(°C) 

Melting 
point (°C) 

P3HB 45 4 3.8 9 175 

P(3HB-co-3HV) 
(89.0/11.0 w/w %) 

38 5 3.7 2 157 

P(3HB-co-3HV) 
(80.0/20.0 w/w %) 

26 27 1.9 −5 114 

P(3HB-co-3HV) 
(72.0/28.0 w/w %) 

21 700 1.5 −8 102 

P(3HB-co-3HV) 
(66.0/34.0 w/w %) 

18 970 1.2 −9 97 

P(3HB-co-4HB) 
(86.0/14.0 w/w %) 

8 391 1.3 −12 68 

P(3HB-co-4HB) 
(64.5/35.5 w/w %) 

18 510 1.1 −4 78 

P(3HB-co-4HB) 
(24.8/75.2 w/w %) 

– – – −10 59 

P(3HB-co-3HHx) 
(91.0/9.0 w/w %) 

7 167 1.2- −2 63 

P(3HB-co-3HHx) 
(83.6/16.4 w/w %) 

12 320.2 −1 57 

P(3HB-co-3HHx) 
(62.0/38.0 w/w %) 

– – – 0 71

Clustered regularly interspaced short palindromic repeats interference (CRISPRi) 
has been employed to control the PhaC transcription and thus PhaC activity to maxi-
mize the P3HB contents [100]. A higher PhaC activity leads to higher accumulation 
with a less molecular weight and a wider molecular weight dispersity. PHB controlled 
in the intervals of 2.0 for 75.0% of CDW [85]. 

Finally, the extraction methods of PHAs from inside of microorganisms at the 
end of bioprocess can be classify in: solvent extraction, floatation, supercritical fluid 
extraction or aqueous two-phase extraction [17]. The PHA extraction is one of the 
costliest procedures in PHA production, it requires the separation of PHA-containing 
cells and the cell lysis to release intracellular PHA granules. Such as other synthesis 
process, the chemical and physical separation process needs more develop searching 
efficiently to reduces and grow up to industrial scales. 

A high production of PHAs is obtained by fed batch or continuous fermentation. 
In fed-batch culture of bacteria belonging to G1, a two-step cultivation method is 
often employed. A desired concentration of biomass without nutrient limitation in 
the first stage after and in the second stage a limiting concentration of nutrients. In 
second stage, the residual cell concentration remains almost constant, and the cell 
concentration increases only because of the intracellular accumulation of PHA. Other
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bacteria belonging to G1 produce PHA more efficiently when a nutrient is limited but 
not completely depleted. For a bioreactor working in fed-batch of G2, the nutrient 
feeding strategy to produce yield of PHAs must be applied along with the selection 
of microorganism based on cell’s ability to use an inexpensive carbon source, growth 
rate, polymer synthesis rate, and the maximum accumulation of PHAs [40]. 

2.2 Chemical Synthesis of Polyhydroxyalkanoates 

PHAs produced by microorganisms have limitations in advances applications by 
the isotactic and not sequence controlled of repeating units along polymer chain. 
However, PHAs produced by bacteria commonly are purely isotactic polymers 
containing a chiral site in each repeating unit leading to thermal and mechanical 
properties as a function of length of the side group (R-group in Fig. 1), making 
them more useful for a wide range of applications [31]. Unlike of natural synthesis 
of PHA, the chemical mechanisms have the aim of incorporation of atypical side 
groups as aromatic pendant groups to increase the glass transition temperature (Tg) 

or long branches as side groups to increase the flexibility of the chain and with 
that modify the crystallinity [34]. Additionally, the molecular weight and molec-
ular weight dispersity are reasonably more controllable using chemical synthesis in 
comparison with microbes because even using the same microorganism and the same 
conditions and raw materials during the microorganism growth and reproduction are 
several changes at molecular level. Other advantage to synthesis using metabolic 
pathways, a pure chemical polymerization might provide a better scalability and 
faster reaction kinetics [31]. 

The PHAs has been obtained via ring-opening polymerization of cyclic esters 
since 1960s, adding up PHA with different chemical structures and stereoregulari-
ties. Some bespoke polyesters can be obtained through an organocatalyzed mech-
anism via ring-opening polymerization of cyclic esters as stereoselective synthesis 
of isotactic and syndiotactic P3HB by racemic 4-alkoxymethylene-β-propiolactones 
(BPLORs) [101] as shown in Fig. 3. Using catalytic activity of alkoxy-functional 
poly(3-hydroxyalkanoate) and the simple modification of o, p-R’ substituents on 
[ONXOR’2]2− plataform of yttrium catalyst for the switching syndioselective to 
isoselective polymerization of β-lactones.

Ligny R. et al., has demonstrated that o, p-dichloro-substituted ligand deliver 
highly isotactic polyesters (Pi > 0.90) from three racemic BPLOR monomers (where 
R: allyl, benzyl and methyl groups). Yttriumisopropoxide catalysts/initiators were 
generated during the reaction from the activity of 1 equiv. of iPrOH from precur-
sors 1a-g differing by the nature of the R’ phenolate substituents. The final number 
molecular weight was until to 18,300 Da and a molecular weight dispersity about 1.1 
[101] similar to other ring-opening polymerizations utilizing other catalyzers [34].



Diversifying Polyhydroxyalkanoates: Synthesis, Properties … 219

Fig. 3 Ring-opening polymerization from racemic β-lactones to produce isotactic and syndiotactic 
poly(3-hydroxybutyrate) [101]

3 Physical, Chemical and Physicochemical Properties 
and Characterization 

PHAs shows properties analogue to conventional polymers such as hydrophobicity, 
resistance to UV, high degree of polymerization. They are usually thermoplastic 
polymers, exhibiting a wide variety of mechanical properties from hard to elastomeric 
response with the advantage of biodegradability and biocompatibility. 

3.1 Physical Properties 

Glass transition temperatures of PHAs is about 0 °C, triggering the flexibility of the 
polymer chain and a melting point from 50 to 179 °C [96], see Table 3. For other 
hand, thermal degradability starting at 260 °C for copolymer with 3HV, 4HB and 
3HHx repeating units until 300 °C for P3HB [96]. 

The crystalline structure of P3HB determined by X-ray indicated an orthorhombic 
unit cell with dimensions a = 0.576 nm, b = 1.320 nm, and c = 0.596 nm. Typically, 
P3HB forms lath-shape crystals with dimensions of around 0.3–2 μm for the short 
and 5–10 μm for the long axes. The ability of PHA to crystallize is determined by the 
inner properties and the structure of repeating units that for P3HB a 70% or higher of 
crystallinity degree it is found. For random copolymers with 3HB monomer is from
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49 to 60% for mcl and 2% to 50% for scl. For copolymers with 3HB/3HV, 3HB/3HP 
and 3HB/3HHx the degrees of crystallinities measured by X-ray shown a slightly 
increased (50–70%) for the first because of isodimorphism, i.e., co-crystallization of 
the two repeating units of the homopolymer crystal lattices of P3HB and the second 
monomer. This leads to a reduction near to 50/50% for the rest of copolymers due 
to defects in the P3HB crystal lattice by the repeating units of 3HB [102]. 

3.1.1 Mechanical Properties 

The wide variety of mechanical properties from hard to elastic is a function on 
composition, crystallinity degree and structure of repeating unit [40]. The maximum 
stress at break point is achieve at 45 MPa for P3HB, which has the shorter repeating 
unit and decrease as is expected for longer repeating units, see Fig. 1. A higher 
toughness and an elastic behavior are expected for mcl-PHA in comparison to scl-
PHA because of long branches or long repeating units made of –C–C– bonds trigger 
a flexible polymer chain. Furthermore, a low crystallinity degree by side groups for 
chain folded and a glass transition temperature below of 0 °C (around −80 °C for 
monomers with more than 6 carbon atoms) for mcl-PHA and lgl-PHAs usually shows 
an elastomeric response. 

The PHAs of high molecular weight (> 40 kDa) obtaining via fermentative 
processes exhibits mechanical properties which can be grouped into three subcate-
gories: scl-PHA, which short chain length and repeating units until five carbon atoms 
with thin crystals and the higher melting point. Young modulus, tensile strength, 
impact strength and, UV resistance and oxygen permeability, due to this, the P3HB 
has a similar behavior to isotactic polypropylene, useful as packaging material that 
can increases with the copolymerization with soft repeating units or blending with 
elastic and partial o completely miscible polymer to avoid the brittleness that appears 
after several days. The mcl-PHA are amorphous macromolecules with decreasing 
glass transition temperature with increasing side groups length [103]. For lcl-PHA an 
higher crystallinity degree is expected with longer side groups and similar flexibility 
on the chain to mcl-PHA. 

The length and mechanical flexibility of the side chain and its functional group 
modify considerably the properties like melting point, glass transition temperature, 
crystallinity, and the biodegradability. The Tg of the amorphous domain can be related 
to the maximum deformation in PHA along with the crystallinity degree according 
with the temperature of use of polymer material. However, a higher crystallinity 
degree leads to poor mechanical properties and PHAs need to be tailored to achieve 
a better performance and tunable mechanical properties blending with different types 
of PHAs, other synthetic biodegradable polymers or a chemical modification of PHA. 

Some PHA processing methods as the incorporation of additives as plasticizers can 
lead to modulate the mechanical behavior changing the glass transition temperature 
in the final product. The PHA as commodity material can be added: poly (ethylene 
glycol), oligomeric lactic acid, glycerol diglycidyl ether or soybean oil as plasticizers.
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3.2 Chemical Properties 

Some post-polymerization modification to expand the structural variety of PHAs are 
focus on the chemical modification of unsaturated bonds. Here, the desired functional 
groups are attached to the side groups of the polymer chains to crosslinking [104]. 

The PHA modification add new properties as an enhanced hydrophilicity and 
thermoresponsibility in PHA-graft-PNIPAm [105], temperature controllable protein 
adsorption in PHA-graft-PDMAEMA [106], higher thermal degradation tempera-
ture and electrical conductivity for PHA-graft-graphene [107], intense photolumi-
nescence under UV laser excitation with PHA modified with rare-earth [108], forma-
tion of hydrogels as in PHA modified with PDT [109], and superhydrophobicity in 
physical surface modification [110]. 

The carboxylation is the addition of carboxylic (–COOH) functional group to the 
substrate. These groups are an active binding site for biologically active moieties 
like hydrophilic as the phase transfer and dissociating agent [15, 111]. The halo-
genation enhances the properties, functions, and applications of polymers for the 
addition and substitution reactions. For other hand, hydroxylation makes easier acid 
or base catalyzed reactions for PHA modification in the presence of low molecular 
weight mono or diol compounds by the process of hydroxylation [112]. In addition of 
previous chemical modifications, the epoxidation increases the reactivity attaching 
epoxy groups that response as anionic and polar groups. These kinds of groups can 
be used for crosslinked polyhydroxyalkanoates for self-healing applications. 

3.3 Properties for Single-Use Products 
of Polyhydroxyalkanoates 

The use of PHAs for bottles, disposables, coatings with cardboard boxes, films, 
animal feed supplements and biofuels as hydroxyalkanoates methyl esters are some 
of their single-use applications. The general properties for food packaging material 
are: 

(a) Antimicrobial function. 
(b) Mechanical properties. 
(c) Optical properties. 
(d) Thermal properties. 
(e) Eco-friendly. 
(f) Barrier properties: gas barrier, aroma barrier, vapor barrier. 
(g) UV-resistance. 

The polyhydroxyalkanoates shown excellent barrier properties to gases [113]. 
The permeability of water vapor values of P3HB and its copolymer with 3HV in 
films are comparable to opponents such as PET and poly (vinyl chloride) [114, 115]. 
Evaluation of water vapor barrier properties of the packaging material is one of
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the most importance as physical or chemical deterioration of the packed food and 
important to maintain and extend the shelf-life of packaged food [116]. 

The oxygen permeability value of a packaging material is a decisive key to 
preserve fresh foods (e.g., fruits, vegetables, meats, etc.). The oxidative deterioration 
affects its color, flavor, and microbial stability for lacteous products. If the oxygen 
transmission rate is below of 2 nmol ms−1GPa−1; the material is often labeled as “Bar-
rier polymers” [116]. The CO2 is another gas of interest to conserve fresh vegetables 
and food sensible to oxidation. For these barrier properties, a low CO2 permeability of 
P3HB exhibits a diffusion coefficient value comparable to poly(vinylidene chloride) 
[114]. However, the water and gas transport properties of commercial PHAs films 
shows a higher water and gas permeability values for solvent cast films compared to 
compressed counterparts [117]. 

The nature acidic or basic of foods may cause hydrolytic reactions to the pack-
aging material. Unfortunately, the chemical resistance to several values of pH in 
PHAs are known to undergo acid-catalyzed hydrolytic degradation [114]. This kind 
of degradation change drastically the mechanical properties of films’ polymer. An 
easy solution can be found in the composite materials or blending to modify the 
susceptibility to chemical degradation. 

Finally, the migration of subproducts as monomers or additives added for the 
processing plays an important role for food safety. The P3HB using for food pack-
aging, commercial grade BIOCYCLE, obtained through injection process shows a 
performance compared to polypropylene [118]. 

The PHA exhibit greater UV-resistance than compounds such as propylene and 
the addition of UV stabilizer led to improvement in the retention of mechanical 
properties final products. 

4 Processing, Blends and Composites 
of Polyhydroxyalkanoates 

The processing of PHAs usually is leading by extrusion or injecting process with 
extrusion temperature profiles (140–160 °C) about 100 °C below the degrada-
tion temperatures (240–270 °C) [119]. For this reason, the residence time distribution 
in melting processing must be careful in extruders and injector to minimizing the 
thermal degradation. The rheological properties depend on the chemical structure 
and molecular weight because of melting regime the viscosity always increases with 
the size of molecular weight of the polymers. Some additives for manufacturing 
for conventional polyesters can be used for PHAs but green additives for are not 
completely extended for PHA. 

Electrospinning is also used to fabricate nanofibers with the selection of an appro-
priate and non-hazardous solvent o solvent system that determines the rheolog-
ical properties. The electrospin nanofibers have several applications such filtration
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sysrems, chemical and optical sensors, tissue engineering, drug release due to their 
high surface are to volume ratio, small pore size and high porosity. 

Blending is a simple and effective approach to produce new polymeric materials 
with improved properties. Polymer blending has attracted the attention because of 
polymers with extraordinary properties can be obtained via chemical synthesis are 
more expensive than existing polymers and blending operations. To achieve this 
aim, a high or partial miscibility must be searched to ensure at least a micro or 
nano segregation of phases to achieve a synergistic interaction between domains. On 
the contrary, a compatibilizer needs to be added to increase the interaction between 
polymeric phases. 

The properties of blends using PHAs with starch, poly (lactic acid), poly (ε-
caprolactone) and cellulose can be improved and adding the new properties as 
homopolymers if a phase segregation at micro or nano level is ensure. The blending 
of PHA with natural raw materials usually help to reduce the cost and increase the 
biodegradability for single-use product in packaging products. The cellulose deriva-
tives are of great interest as blending components with PHA because of their compati-
bility with and the enhance of rate degradation. The PHA blending with starch allows 
the compostability of materials due to inherent biodegradability and abundance. The 
PHA blending with lignin makes the blend valuable for the high functional groups 
presents in lignin. Besides, the thermal analysis indicated that lignin can improve the 
total thermal stability of P3HB [15]. 

The blending of PHA with other biodegradable polymers as poly (lactic acid) is 
environmentally friendly. The P3HB/PLA blend is one of the most studied blends, 
due to mechanical properties shows an intermediate response following the blend 
law between the individual components. PCL/PHAs shows miscibility with a PCL 
content between 0 and 30 w/w% with high flexibility and good biodegradability to 
be applied in packaging products [120]. 

Blends of PHBV and polyurethane (TPU) improves mechanical and barrier prop-
erties, at highest concentration of TPU and increased water vapor permeability[121]. 

4.1 Nanocomposites and Fillers 

The application of nanoparticles and nanofillers as composite is attractive because of 
the nanofillers not only enhance the polymer crystallization, the gas-barrier, thermo-
mechanical and physicochemical properties [122]. The mainly nanofillers are: sily-
lated kaolinite, carbon nanotubes, graphene, organophilic montmorillonite, nanoclay 
and cellulose nanocrystal [122], which properties added require a minimum concen-
tration to incorporate the partial characteristics of material, e.g., electrical o thermal 
conductivity with the addition of carbon nanotubes or graphene. 

An option to reduce significantly the oxygen transmission rate was obtained 
with composite of P3HB/cellulose nanocrystal (CNC) by the positive effect on 
crystallinity of CNC [97].
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5 Biotechnological Applications of Polyhydroxyalkanoates 

5.1 Drug Delivery Carriers 

The PHAs are biodegradable and biocompatible polymers [13] reason for which are 
used as nano and micro particles to release drugs. The PHAs have been applied in 
several and in humans to treat the gingivitis [123, 124]. The PHB have also been used 
in transdermal tissue as vehicle to increase the transdermal permeability of tamsulosin 
drug [125]. The P3HB and its copolymers in nanoparticles have been used for the 
release of molecular drugs able to cross intracellular membranes in applications as 
anticancer drugs, immunomodulatory agents, antibiotics, and hormones [126]. 

Different processing routes for fabrication of PHAs for drug delivery can be 
chosen as: spherical or worm-like particles obtained by emulsion or supercritical 
fluids that normally has been studied until an optimal rate and dose regimen in order 
to minimize side effects and toxicity. 

For in vivo therapy poly (3-hydroxybutyrate-co-4- hydroxybutyrate) are used 
as antibiotic in Sulperazone® and Duocid® to the controlled release for chronic 
osteomyelitis [127]. To release an hormone for osteoporosis therapy the P3HB3HHx 
is used [128]. For cancer of colon, the release of 5-fluorouracil is leading with blend 
spheres of P3HB3HV and cellulose acetate phthalate [129]. 

5.2 Scaffolds and Medical Devices 

The aforementioned properties for drug delivery and low inflammatory response 
makes attractive their use in tissue regeneration for human body ad bio-implants 
[130]. For this, PHAs are used as matrices in vitro for proliferation of human cells 
as endothelium cell, liver cells, and fibroblasts as they show adhesive properties to 
PHAs [131]. Endothelium cells, isolated hepatocytes and fibroblast show similar 
adhesion to P3HB and P3HV when are used as matrices for regeneration or cellular 
growth [131]. Microspheres of PHBV have been used in brain tissue engineering to 
support primary neurons [132]. 

Porous materials can be design via 3D printing, gas forming, phase separa-
tion/evaporation as scaffolds in tissue engineering for bone tissue regeneration, tissue 
engineering blood vessels and cardiac valves. The application of PHA, especially 
PHA, and biodegradable scaffolds are used to replace defective valves in human 
heart [133]. Fibers can be obtained through extrusion or electrospinning. 

In vivo implants as the poly (3-hydroxyoctanoate)/poly (3-hydroxybutyrate) 
blends have been used as highly tensile wires for sutures [134]. Poly(3-
hydroxybutyrate-co-3- hydroxyhexanoate) has been applied in peripheral nerve 
tissue engineering for rat model experiments for nerve regeneration [135]. Blends of 
poly (3-hydroxyoctanoate)/poly (3-hydroxybutyrate) for preparation of blood vessels 
stents [136].
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6 Degradation and Biodegradability 
of Polyhydroxyalkanoates 

The biodegradability of PHAs is well-known due to PHA hydrolases and depoly-
merases enzymes produced by microorganisms which assist the degradation of PHA. 
The key factors involving the structure of PHAs in biodegradability are chemical 
composition, molecular weight, and crystallinity degree. For other hand, the envi-
ronmental conditions as temperature, pH, moisture, and the oxygen content are the 
most important factor in biodegradation. 

The PHAs are degraded to H2O and CO2 under aerobic conditions and to methane 
under anaerobic conditions by microorganisms in soil, sea, lake water and sewage. 
The PHAs are solid polymers with a high molecular weight and before to be trans-
ported through the cell wall usually the microorganisms excrete extracellular PHA 
depolymerases to hydrolyze PHA into water-soluble oligomers and monomers to be 
used as nutrients [40]. 

The abiotic degradation of PHA and their blends is through hydrolytic mechanism 
by the chain scission in the –O–C– chemical bond that is accelerated to 60 °C. To 
increase the degradation rate, carboxylic groups, amine groups or any polar groups 
promote the water penetration into the polymer making attractive for degradation in 
water as in oceans, lakes, rivers, etc. 

The PHA are high resistant to chemical decomposition by strong agents such 
as NaOH but easily degraded by strong acids and soluble in chloroform and other 
chlorinated hydrocarbons. 

The enzymatic activities depend on the composition of the polymer chain and the 
environmental conditions during degradation [42], see Table 4. The biodegradation 
of PHAs polymers in anaerobic sewage is from months to years in saline water 
and ultraviolet light increases the fate of degradation [137]. Additionally, inside of 
mammalian systems, the hydrolysis and degradation are very slow [138]. 

Finally, the PHA and their copolymers are readily degraded in a several environ-
mental conditions, with faster degradation rates in anaerobic sewage and slowest 
in sea water. Nevertheless, the locations for biotic (biodegradation) and abiotic

Table 4 Microorganisms in 
degrading 
polyhydroxyalkanoates in 
several environments [40] 

Environment Microorganism 

Soil Aspergillus fumigatus 

Acidovorax faecalis 

Comamonas sp 

Activated sludge Acidovorax faecalis 

Pseudomonas fluorescens 

Sea water Comamomas testosteroni 

Lake water Pseudomonas stutzeri 

Anaerobic sludge Ilyobacter delafieldii 
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degradation always requires be tested due to diverse microorganisms and the local 
conditions. 

7 Conclusions 

Polyhydroxyalkanoates can be synthetized by microorganisms as a reserve for energy 
and carbon (under stressful conditions where there is an excess of carbon and an 
absence of an essential nutrient) or a pure chemical route to achieve a higher control on 
the structure and composition of polymer chain. Biobased plastics will certainly be an 
effective way to reduce the carbon footprint when gradually replace the conventional 
plastics. 

The reduction of the production cost of PHAs can introduce a new platform for 
their applications in biomedical fields. With the advances in genetic engineering and 
synthetic biology, the PHAs will be produced with a comparative price compared 
with petroleum-based polymers. 

Cost-efficient extraction method is also considered a crucial factor, which deter-
mines the economy of these green polymers. However, The PHA nanocomposites 
produced with nanosized fillers, have reached the level at which they can compete 
with the properties of conventional plastics, making attractive in the packaging 
industry. Searching create green polymers, additives, fillers and reinforcements 
need to be developed to improve the physical and mechanical properties for the 
diversification of applications. 

Although biodegradation studies of PHA in soils, aquatic, and atypical environ-
ments (as in human body) need a wider geographical reach, a great part of evidence 
shows a full degradation for long periods of time decreasing the contamination 
impact. The PHA are becoming attractive in the future to replace at least the conven-
tional plastics and for advanced applications as the medical fields, for example, in 
drug release and tissue engineering making use of some polymer tools. 
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65. Kouřilová, X., Schwarzerová, J., Pernicová, I., Sedlář, K., Mrázová, K., Krzyžánek, V., 
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