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Abstract

:

Polyhydroxyalkanoates, or PHAs, belong to a class of biopolyesters where the biodegradable PHA polymer is accumulated by microorganisms as intracellular granules known as carbonosomes. Microorganisms can accumulate PHA using a wide variety of substrates under specific inorganic nutrient limiting conditions, with many of the carbon-containing substrates coming from waste or low-value sources. PHAs are universally thermoplastic, with PHB and PHB copolymers having similar characteristics to conventional fossil-based polymers such as polypropylene. PHA properties are dependent on the composition of its monomers, meaning PHAs can have a diverse range of properties and, thus, functionalities within this biopolyester family. This diversity in functionality results in a wide array of applications in sectors such as food-packaging and biomedical industries. In order for PHAs to compete with the conventional plastic industry in terms of applications and economics, the scale of PHA production needs to grow from its current low base. Similar to all new polymers, PHAs need continuous technological developments in their production and material science developments to grow their market opportunities. The setup of end-of-life management (biodegradability, recyclability) system infrastructure is also critical to ensure that PHA and other biobased biodegradable polymers can be marketed with maximum benefits to society. The biobased nature and the biodegradability of PHAs mean they can be a key polymer in the materials sector of the future. The worldwide scale of plastic waste pollution demands a reformation of the current polymer industry, or humankind will face the consequences of having plastic in every step of the food chain and beyond. This review will discuss the aforementioned points in more detail, hoping to provide information that sheds light on how PHAs can be polymers of the future.
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1. Introduction


1.1. What Are PHAs


Polyhydroxyalkanoates (PHAs) belong to a class of biopolyesters, first discovered by Lemoigne in 1925 [1]. PHA is accumulated as intracellular granules (carbonosomes, Figure 1), in various Gram-positive and Gram-negative bacteria [2]. These bacteria can accumulate PHA using a wide range of carbon rich growth substrates [3,4,5,6,7]. Generally limitation of an inorganic nutrient (e.g., nitrogen) in the growth medium is needed to stimulate PHA accumulation from the carbon source which should be in excess [8]. However, Zinn et al., have reported PHA accumulation in continuous cultures grown under both carbon and nitrogen limitation [9].



Several enzyme driven pathways are used by microorganisms to metabolise carbon-based substrates and channel the carbon in those substrates towards PHA accumulation. These pathways will be described later in this review. Microorganisms can use a variety of carbon sources for growth and PHA accumulation [4] many of these carbon sources originate from waste or low value biomass [11]. The use of such carbon sources instead of higher cost starting materials makes PHA production via this route cheaper. The use of waste resources to make PHAs presents possibilities in a circular economy and an alternative to fossil-based resources to make conventional plastics. However, the heterogenous nature of waste materials as well as the security of supply provide challenges for industrial processes.



The most common PHAs are branched polymers with the carbon chains branching or extending out away from the 2-carbon repeating unit backbone of the polymer, as seen in Figure 2 [6].



Bacteria are capable of synthesising different subgroups of PHAs namely short-chain-length (scl), medium-chain-length (mcl) and long-chain-length (lcl) PHA [12]. scl and mcl-PHA groups are the most studied polymer chain lengths, with 3–5 carbons for scl-PHAs and 6–14 carbons for mcl-PHAs [13]. lcl-PHAs (>14 carbon atoms per monomer unit) are the least common occurring chain length of PHAs, with limited studies on their production and applications [14]. The molecular weight and type of PHA monomers determine the physical and thermal properties of the biopolymers; the branched nature of the polymer carbon means that the side chain interferes with crystallinity. Furthermore, the interaction of the side chains affects other properties such as tensile strength, elongation to break ratio, glass transition temperature and melting points [15]. Currently, PHAs and their blends are used in various applications. It is important to assess these composites’ mechanical, barrier, and thermal properties for optimal application. PHAs and blends/composites with other polymers have been spun into fibres but also processed into trays and films with high gas and liquid barrier capabilities [13]. PHA properties are often comparable to conventional fossil fuel plastics, with authors suggesting PHAs as a sustainable alternative to plastics originating from fossil-based resources [16,17].



PHB (scl-PHA) is made via a three-step pathway once acetyl-CoA is made in the cell. While mcl-PHAs are made in microorganisms through two major pathway β-oxidation, starting from fatty acids, and de novo fatty acid synthesis using acetyl-CoA. Acetyl-CoA is a central metabolite produced by microorganisms when they metabolise sugars and other carbon substrates [18,19]. Within bacterial species, a small number of strains have been studied in depth and brought to an industrial scale for production. Various factors such as carbon source cost, efficiency of bacterial growth, PHA accumulation levels, properties of the PHA, and downstream processing costs, directly affects the scale-up potential of polymer production [12]. Pseudomonas putida (P. putida), Pseudomonas oleovorans, Burkholderia sacchari and Cupriavidus necator are some of these promising bacterial strains that have been studied extensively for their efficacy in PHA production.



PHAs are considered to be bioplastics, meaning they are biobased (originating from renewable sources) and biodegradable (can be broken down naturally through biological processes) (European Bioplastics, 2016). PHA’s potentially offer more end of life options when compared to non-biodegradable biobased materials such as bio-polyethylene (bio-PE) and bio-terephthalate (bio-PET). Although PHA’s look like a genuine green alternative to other plastics, much research still needs to be carried out to employ more control over the quality, quantity, and general economics for the production of PHA’s [20]. The synthesis, properties, applications, and biodegradability of PHAs will be discussed in more detail in the following sections of this review.




1.2. The Synthesis of PHAs—Types of Microorganisms That Accumulate PHA and the Processes Within


PHAs are macromolecules, allowing for the storage of carbon and energy in PHA producing microorganisms [4]. In nature, PHA synthesis can occur through a number of different metabolic pathways, with these pathways determined by the microorganism producing it and the conditions in which this microorganism lives [20]. The synthesis of PHAs is regulated through three genes and three enzymes and is one of the simplest biosynthetic pathways [4]. One of the most common, and shorter pathways for PHA production is that of polyhydroxybutyrate (PHB) (Figure 3). Out of the 150 plus monomers that can be produced by PHA producing bacteria, only a small number of these, under natural conditions, can be formed into the homopolymers and copolymers required for the formation of PHAs [21]. Due to this natural bottleneck for inhibiting polymer formation, scl-PHAs such as PHB and P(3HB:HV) are more commonly found in more typical physiological conditions due to their shorter metabolic pathways [22]. With over 300 microorganisms capable of producing PHA, there are relatively few that can synthesize PHA at a level that is sufficient for scaling up to an industrial level. There are several bacterial species that can produce PHA at sufficient levels, though (Table 1). Although PHA can be formed by bacteria, fungi, and microalgae, there is significantly more research and promise for the efficiency of bacteria to produce PHA [23].



P. putida strain KT2440, is one of the most studied bacterial strains in the pseudomonas genus. P. putida KT2440 is a Gram-negative bacterium that has been extensively studied due to its ability to degrade aromatic compounds [28] and accumulate mcl-PHA. It is one of the most studied bacteria strains as it can synthesize high quantities of polymer per cell mass, amounts up to 75% w/w make it an attractive strain for production scaleup of PHA [8]. P. putida KT2440 also has advantageous features for biotechnology due to it metabolic diversity and genetic tractability [18]. It is capable of utilizing a wide range of carbon sources such as glucose, glycerol and fatty acids [29]. PHA accumulation in KT2440 from sugars requires nitrogen limitation but high levels of PHA can be accumulated, without nitrogen limitation while utilising fatty acids as the carbon source [29]. P. putida KT2440 has two main metabolic pathways that provide precursor molecules for the synthesis of mcl-PHA’s (Figure 3) namely de novo fatty acid synthesis when using substrates such as glucose and glycerol and β-oxidation when using fatty acids. Another mcl-PHA producing bacterial strain that has been studied extensively is Pseudomonas oleovorans ATCC 29347. This strain type can grow on substrates such as n-alkane, n-alkene and long-chain fatty acids to accumulate copolymers of mcl-PHA [19]. Monomer units ranging from C6 to C14 are produced via β-oxidation of acyl-CoA [30], with monomers below C6 bypassing the PHA producing phase with these monomers converted into acetyl-CoA. These monomers below C6 are then harnessed via the TCA cycle for energy and as a carbon source for cell growth [19].



Burkholderia sacchari (stain IPT101 in the case of UCD), is a Gram-negative bacterium that was originally isolated from sugarcane crops in Brazil [31]. It is capable of utilizing the components of lignocellulose (cellulose, hemicellulose, lignin) to produce high-value chemicals and products such as poly-3-hydroxybutyrate [P(3HB)] [32]. The capability of B. sacchari to produce such high-value products from the most abundant renewable resource worldwide (lignocellulose) was the driving force for its use as a strain for the industrial scale-up of PHA production processes [32,33]. This is particularly apparent in studies that have shown this bacterium can accumulate P(3HB) up to 80% of its cell dry weight from sucrose [34]. It also grows efficiently on glucose, glycerol, organic acids and hydrolysed straw [35]. Another well studied PHB producing bacterial strain is Cupriavidus necator H16, previously known as Ralstonia eutropha. This bacterium is considered a model organism due to the availability of its complete genome sequence as well as its genetic tractability [36,37]. On top of its metabolic diversity, C. necator can achieve high cell densities aerobically under both heterotrophic and chemolithoautotrophic growth conditions. Under heterotrophic conditions C. necator can utilize substrates such as fructose, fatty acids and N-acetylglucosamine in tandem with oxygen. Under chemolithoautotrophic conditions C. necator can utilize carbon dioxide as it’s substrate in tandem with hydrogen and oxygen [36]. When carbon dioxide is the single available source of carbon C. necator can assimilate via the reductive pentose phosphate cycle, otherwise known as the Calvin-Benson-Bassham cycle [37]. Due to its capability to produce a variety of valuable chemicals and polymer from an array of sources, C. necator is considered a good candidate for biotechnological processes [36,38].




1.3. Substrates Utilised by Microorganisms to Accumulate PHA


Microorganisms use a wide variety of carbon based substrates for growth and PHA accumulation. Monosaccharides such as glucose and fructose, disaccharides such as sucrose, and lactose have been used by microorganisms to accumulate PHA [31]. Sucrose can be generated from sugar beet and sugar cane while lactose is a major product and by-product of the dairy industry [33,39]. Complex carbohydrates such as cellulose and starch can be hydrolysed to produce glucose, arabinose, xylose and other monosaccharides which can subsequently be supplied to microorganisms for PHA accumulation [39,40]. Fatty acids can also be utilized as the sole carbon source for the production of PHA allowing for the use of waste, low-value or renewable oils for PHA production in place of other higher valued food-chain crops [41]. Examples such as palm kernel oil (PKO), where lauric acid is the pre-dominant 12-carbon saturated fatty acid of PKO, has shown promise a substrate for the production of mcl-PHA with strains of P. putida [41,42]. In order for PHA production to compete with that of petroleum based polymers in the world today, the substrates must originate from a biomass source that is considered either of low value or from a waste stream, to make the process as economically attractive as possible. The following sub-sections will cover the wide array of substrates that are utilised by microorganisms in the accumulation of PHA in more detail.




1.4. Sugar Containing Feedstocks for PHA Accumulation (Including Wastes)


1.4.1. Dextrose from Corn


Corn grain and corn stover (leaves, stalks) have been investigated as a carbon source for PHA production, focussing on the 1st generation substrates such as dextrose, corn oil and corn gluten [43]. The consistency and quantity in the production of the sugar dextrose from agricultural corn grain farming provide a reliable feedstock for PHA production, but with this comes the overlapping and competition with the demand for corn grain in the food chain. A past example of commercial-scale production of PHA from corn can be seen from the U.S. biotech company Metabolix, Inc. in Cambridge, MA, USA. Metabolix opened their first commercial-scale plant in Iowa in 2010, where they produced a corn-syrup based PHA up to 50,000 tons per year [44]. The commercial-scale production of PHA from 1st generation substrates of corn is possible, but it’s viability is still uncertain due to the environmental burdens associated with corn cultivation [45]. For example, when compared to polystyrene production, PHA production does not improve overall environmental impacts regarding photochemical smog, acidification and eutrophication [43]. In order for corn to PHA production to be viable, PHA fermentation technologies must improve in tandem with increased integrated systems involved with corn cultivation.




1.4.2. Sucrose from Sugar Beet/Cane


After reviewing the viability of corn to PHA, a clear path to making commercial-scale production of PHA viable is to obtain the substrate from a plentiful low-value or waste carbon source stream. An example of this is low-grade mollases, which is a residual syrup by-product of sugar refining mills that is high in sucrose but unsuitable for food products [46]. Using such as low-value or waste stream has potential, but most studies show that cell production and polymer accumulation within are still not commercially viable [47]. Although studies by Chaudhry et al. [48] using Pseudomonas species growing on sugar wastes have shown little promise with maximum cell dry weights of of 12.53 g L−1 and PHA content of 35.63%, other studies by Kulpreecha et al. [49] with Bacillus megaterium on sugar wastes have shown more promise with cell dry weights of up to 72.7 g L−1 and PHA content of 42% achieved over a 24 h period. The more promising latter study indicates that variables such as microorganism strain, carbon source, carbon source production and pre-treatments as well as fermentation conditions all play a role in optimizing PHA production from low-value and waste streams for industrial scaleup.




1.4.3. Whey to PHA


Dairy whey is another promising food waste stream that has the potential for use as a commercial-scale carbon source for PHA production. Whey is a by-product of the cheese making industry comprised of lactose, proteins, fats, water-soluble vitamins, mineral salts and other key nutrients that microorganisms require to grow [47]. Up to 1.60 × 108 tons of whey produced worldwide, surpassing the quantities needed for whey powder production [50]. Whey is currently a problematic by-product for the dairy industry as only ~50% is utilised for the production of lactose, casein and protein powder with the remainder either disposed of or inefficiently treated and processed for animal feed [51]. For these reasons, whey has potential to be a reliable and cheap carbon source stream for PHA production via microbial fermentation. Whey has the additional benefit of not requiring any enzymatic or chemical pre-treatments prior to being used as a carbon source. Life cycle assessments also suggest that the whey to PHA production is comparable to the ecological footprint of existing petroleum based plastics [47,50]. However, there are some disadvantages involved with using whey for PHA production. The fermentation process energy requirements, minimal PHA accumulation yields per whey input as well as the inability of typical PHA accumulating microorganisms to directly metabolise whey have hindered the development for the commercial scale-up of the whey to PHA process [47]. Some studies have altered PHA producing bacterial strains to combat the metabolic issue, with the transformation of Cupriavidus necator DSM 545 to include genes lacZ, lac and lacO from of E. coli to produce C. necator mRePT that can directly metabolize whey to produce PHA [52]. Whey is a promising carbon source stream with many benefits for PHA production, but much development of the fermentation process and microorganism strain manipulation are still required to improve current energy inefficacies, output yields (per kg of input) and the quality of the polymer produced before whey to PHA is commercially viable across the world.




1.4.4. Grass to PHA


Many researchers are investigating the short-circuiting of the anaerobic digestion (AD) process to produce fatty acids such as acetic, propionic and butyric acid [53]. We have previously reported on the conversion of grass via AD generated fatty acids to PHA production by Pseudomonas strains which is comparable to the same strains on laboratory fatty acids [54]. The availability of glucose rich hydrolysates from pre-treatment and de-lignification of perennial grasses also allowed the production of PHA.




1.4.5. Waste Cooking Oils (WCO) as Substrates for PHA Accumulation


Waste cooking oils could be used as cheap substrates for microbial production of PHA. Waste cooking oil is comprised of animal and/or vegetable matter that’s been previously used in the frying of foods both in the service industry and domestic households [55]. In the EU, up to 60% of 1.748 millions tonnes of WCO is improperly disposed of annually [56]. Some WCOs can be utilized as biofuels, but it is advantageous to apply this carbon to materials rather than for energy due to its carbon-rich composition. Deep fat frying food has become more common in households and the food industry, leaving up to 29 million tonnes of inedible oils needing disposal of per year [57]. This leaves a carbon rich waste product with a poor end of life management system in place. However, one can keep the cooking oil in the materials cycle by converting it into a material, burning it for energy or converting it to biofuels (biodiesel). The conversion of WCO to the biodegradable polymer PHA is a promising route given that WCO is rich in fatty acids (conjugated to glycerol) and fatty acids are well known substrates for PHA accumulation. The conversion of waste cooking oils into PHAs has been reported for a number of bacterial species (Table 2). Plant oils (triacylglycerols) can support growth and PHA production in some mcl-PHA producing strains and could lead to polymers with altered properties to those produced using pure fatty acids as substrates [58]. Few of the well characterized, commonly used, mcl-PHA accumulating bacterial strains have the ability to grow and produce PHA directly on triacylglycerols [59].



Lipase mediated hydrolysis of plant oils or WCO results in glycerol and fatty acid production, both of which have been shown to be converted to PHA via de novo fatty acid synthesis and β-oxidation respectively [66]. The general structure of triglycerides and their hydrolysis products can be seen in Figure 4. Mcl-PHA has been produced by Pseudomonas aeruginosa from palm oil [67], Brassica carinta oil [68] and waste frying oil [65]. However, this species is an opportunistic pathogen and not suitable for PHA production at an industrial level. Pseudomonas chlororaphis was previously used to produce mcl-PHA from palm oil [69]. Comamonas testosteroni produced mcl-PHA from caster seed oil, coconut oil, mustard oil, cottonseed oil, groundnut oil, olive oil and sesame oil [70]. Pseudomonas resinovorans used lard, butter oil, olive oil, sunflower oil, coconut oil and soybean oil to produce mcl-PHA [58] and Pseudomonas saccharophilia used soybean oil and sunflower oil to produce mcl-PHA [60]. Genetic engineering has also been used to express lipase genes in well-known PHA producing strains such as P. putida, P. oleovorans and P. corrugata to allow them to grow directly on oils [61,71]. Ruiz et al. (2019) demonstrated high cell density (100 g CDW L−1) using WCO but with a modest PHA accumulation level (25–30% CDW) [56] compared to PHA accumulated from fatty acids where cells can accumulate between 60 and 70% PHA. In addition to this, Ruiz et al. (2019) demonstrated that hydrolysed waste cooking oil could be utilised by P. putida KT2440 to achieve biomass of 159.4 g L−1 with 36.4% of this CDW composed of PHA [72].




1.4.6. PHA from Gases


Utilising gases, such as CH4, as a carbon feedstock is one interesting option as it provides a cheap and accessible substrate, removes or prevents greenhouse gases from entering our atmosphere and at the same time produces biobased biodegradable polymer [73]. Industrial waste gases such as methane (CH4) from biogas, carbon dioxide (CO2) and syngas (CO2 + H2) can be utilized as substrates for PHA production [17]. Biogas is a renewable resource that is comprised mostly of CH4 and CO2 with trace amounts of nitrogen (N2), oxygen (O2) and hydrogen sulfide (H2S) [74]. It’s a renewable resource produced through the anaerobic digestion of organic substrates, this process is found at waste-water treatment plants where sewage (the organic substrate) is broken down to produce biogas [75]. There are also dedicated sites that use biomass such as agricultural crops and food waste to produce biogas. Due to the widespread production of biogas across the world, it is estimated a total of 58.7 billion Normal cubic metres (Nm3) of biogas was produced in 2014 (World Bioenergy Association, 2017). These significant quantities of biogas can be harnessed for energy through combined heat and power production (CHP) gas engines that utilise the majority component CH4 to produce electric and thermal energy [75]. Although CHP gas engines can harness more than 80% of the potential energy from biogas, the economic feasibility is challenged due to factors such as initial high capital investment, operation and maintenance costs, and depreciation/outdating of the CHP gas engines themselves [76]. For these reasons, an alternative method for harnessing this abundant, renewable and carbon rich biogas is highly sought after.



Through a bacterial fermentation process, it is possible for microorganisms to use gases such as CO2, O2 and CH4 as feedstocks to produce PHA [77]. These are methanotrophic bacteria that have been used by biotech start-up Mango Materials, who use biogas as their sole carbon source in tandem with O2 for the production of PHB (National Science Foundation, 2014). After a life cycle assessment, the production of PHB from methane originating from wastewater treatment plants and landfills requires >10% less energy when compared to other substrates such as corn-derived sugars [78]. Mango Materials currently use the excess biogas from a CHP gas engine system in a waste-water treatment plant for the production of PHB, that would otherwise be wasted through flare burning. On top of this, the use of this biogas to PHA technology closes the carbon cycle through sequestration of the carbon within the final polymer produced [77]. The abundance of wastewater treatment plants and landfills, current inefficient use of biogas, benefits of PHA production and carbon sequestering all make biogas to PHA a good candidate for commercial scale-up across much of the world.






2. PHA Fermentation Production Processes


There are three common fermentation strategies for the cultivation of bacteria to produce PHA: batch; fed-batch and continuous, all having shared goals for the control and optimization of factors such as carbon to nitrogen ratio, length of the fermentation run, temperature, pH and others [79]. The scale-up of PHA production processes and the downstream processing of fermentation harvests will be discussed in this section also.



2.1. Batch Cultivation


In a batch cultivation the media for the microbial culture (including the carbon source) is provided at the beginning of the fermentation, with no addition or removal of these throughout the process. Cells are harvested at the end of the batch run and the removal of the PHA cell mass at the end of the process [80]. This batch fermentation strategy can then be broken into two types based on the form of bacterial growth, a one stage process and two stage process [81]. The one-stage process involves the simultaneous growth of biomass and PHA in the closed fermentation system. The two-stage process is divided into a biomass growth phase with a subsequent PHA accumulation phase [82]. Although there is simplicity and cost effectiveness for the batch cultivation process, it does present issues regarding the optimisation of yields. Final PHA yields can be low when conditions such as the exhaustion of the carbon source occur, ultimately resulting in PHA within the cell mass being depolymerised to provide carbon and energy for the growth of bacteria [9]. The growth of the bacterial strain Azohydromonas australica DSM 1124 with sucrose as the carbon source in a batch fermentation resulted in a final biomass of 8.71 g L−1 CDW with PHB accumulation of 6.24 g L−1 over a 36 h period [83]. This means a growth rate of only 0.17 g L−1 h−1 was achieved and points to the limitations of batch fermentation processes which is not efficient and suited for industrial scale-up.




2.2. Fed-Batch Cultivation


Fed-batch cultivations are the most common biotechnological processes [84] including PHA production due to the ability to control nutrient and carbon input which allows for the avoidance of carbon limitations throughout the process. Controlling these conditions allows for a more efficient process resulting in an increased cell density and PHA accumulation within the process [81]. The real-time monitoring and regulation of substrate concentration and the adjustment of conditions within the process presents challenges in maintaining a standardised repeatable process but once the predicted growth rate and nutrient consumption are controlled/maintained then reproducible processes can be achieved. Some high cell density fed-batch operations involving P. putida and B. sacchari have shown growth of up to 159.4 g L−1 and 221 g L−1 respectively, with % PHA of this CDW at 51% and 45%, respectively [12,72,85,86]. P. putida KT2440 produced a biomass of 141 g L−1 CDW and PHA (mcl) accumulation of 72.6 g L−1 after 38 hrs when growing on oleic acid achieving a PHA accumulation rate of 1.91 g L−1 h−1 [12]. Ramsay and co-workers reported on a number of fed batch fermentation strategies to produce high cell density cultures with a high content of PHA achieving up to 71 g L−1 and 56% PHA and 1.44 g PHA L−1 h−1 [87]. Thus fed batch fermentations are far more productive compared to the batch cultivation mentioned above in Section 2.1—making fed-batch cultivations a far more suitable fermentation production process for scaling up.




2.3. Continuous Cultivation


Continuous cultivations are very different when compared to batch and fed-batch cultivations as once the desired PHA and biomass accumulation rates are reached, these conditions are kept constant making for a chemostat culture [9,88,89]. The harvesting of PHA accumulating cells is continuous. This fermentation strategy is considered to be beneficial in that it allows for a consistent production of PHA with near identical quantities and qualities from start to finish of the continuous process [90]. Even though this process aims to establish long-term genetic stability of the PHA producing strain, the very nature of the long lasting continuous process can result in the contamination of the culture and genetic changes over time [91]. Another challenge is the large volume of spent fermentation media that is produced on a daily basis. This has to be cleaned up and the water re-used. An example of continuous cultivation was demonstrated using Pseudomonas oleovorans ATCC 29347 on single carbon substrates such as citrate, hexanoate and octanoate. This involved a constant concentration of nitrogen with a step-wise increase in carbon concentrations which allowed for the production of mcl-PHA during the growth phase on fatty acids and the nitrogen limitation phase once carbon was present [92].




2.4. Scale up of PHA Fermentation Processes


Although PHAs are accepted as a promising biopolymer for a green economy compared to petrochemical polymers, their production at an industrial scale does present challenges. The production of PHA’s at a commercial scale is made possible through the manipulation and optimization of the process with modern scientific and engineering practices to achieve high cell densities with a higher percentage of PHA within the cell [21]. The cost of producing PHA is dependent upon the cost of the fermentation substrate, which can account for up to 50% of the overall production costs, the volumetric productivity of the process (g·L−1 h−1) and the level of PHA in the cell (% of cell dry weight) as the efficiency of the downstream process is higher with higher PHA content in the bacterial cells [4]. Choi and Lee estimated that at 100 kt scale, PHA production costs between USD 2.6–6.7 $ kg−1, depending on the PHA producing microorganism [93]. Compared to plastics such as polyethylene (USD 0.9–1.0 kg−1), production costs are up to 7 times higher for PHA and some reports indicate as much as 10 times higher [4]. One method for reducing this ten-fold cost difference is the scale-up of the fermentation process. In Austria, PHB was produced at 1000 kg/week in a 15 m3 fermenter using bacterial species Alcaligenes latus which grew rapidly on sucrose [94]. Up to 90% of the CDW from this process contained PHB which allowed for the high productivity, although the carbon source is still in direct competition with the food chain [95]. PHBHHx was produced in a 20 m3 using glucose and lauric acid achieving 50 g L−1 and 50% of CDW was PHBHHx, using the strain Aeromonas hydrophila [96]. The major issue for this scale-up was the cost of DSP, specifically extraction, where the use of ethyl acetate and hexane increased overall production costs dramatically. Other research has looked at the production of PHAs by halophilic, salt requiring microorganisms. The use of such microorganisms is advantageous as they can grow optimally under conditions of high salt concentrations, with such high salt concentrations capable of reducing the chance of microbial contamination to a large extent, and the inherent low value of substrates that can be utilised from these high salinity environments [97,98]. However, it has been reported by the company BluePHA in China that the production of PHB and PHBV using Halomonas species can present problems when scaling up. The high salinity causes difficulties with the downstream processing effluent, corrosion among fermentation equipment, and the lack of well-defined genetic and system engineering, making PHA production using halophiles challenging [98,99]. Despite this BluePHA appear to be operating at an industrial scale and producing PHAs. The use of methanotrophic (methane consuming) microorganisms to produce PHB is also of high interest, as utilising a renewable and potent greenhouse gas and creating a strong carbon capture technology within the polymer itself is highly advantageous [100]. Even with this double-barrel benefit, the use of methane (often fed in the form of scrubbed biogas) as a substrate for PHA producing microorganisms does present significant challenges. The low solubility of methane in aqueous solutions under atmospheric pressure (22 mg L−1) results in a low mass transfer, which in turn can result in low cell growth and density [100,101]. Methane can be sourced from anaerobic digesters or landfills, so scaling up fermentation systems using this carbon substrate is feasible [102]. The cost of PHB production using methane can range from $4.1–8.5/kg, depending on production capacity [103,104]. These are not economically competitive prices and the market may require incentives for methane to PHB production facilities in tandem with rising fossil fuel prices, in order to be a viable technology [100]. Even with these challenges, some biotech start-ups such as Mango Materials in the San Francisco Bay Area are scaling up their methane to PHB process. They have most recently implemented their ‘Launch Facility’ which includes a 5000 L fermentation tower system with complete DSP setup at the Silicon Valley Clean Water waste water treatment plant in California.



Another important issue for biopolymer production is the sourcing of a sustainable carbon feedstock, which should not compete with food-chain feedstocks [105,106] as this creates competition with food supply and land use consequently increasing the cost of that raw material affecting both food prices and PHA production costs [85]. Waste substrates are a good alternative to food based resources but the availability, heterogeneity and quality of the starting material are challenges that need to be addressed.



Although the upstream costs for the scale-up of PHA production is vitally important (e.g., carbon feed cost) to make it competitive with other fossil fuel polymer production processes, an important research and development focus for successful up-scaling is on the downstream processing that ensures a reproducible polymer with desired physical and chemical properties. The drying of bacterial cells, the method of extracting the polymer from those cells affects the molecular weight of the PHA. The properties of polymers are dependent on the monomeric composition and molecular weight of the polymer and this affects the types of applications the polymer can be utilised for, hence the biotechnological and downstream processes need to economically produce a polymer with a consistent and desirable molecular weight.




2.5. Downstream Processing to Harvest PHA


The downstream processing of PHA and the extraction methods involved are critical for the commercial scale-up of PHA production, with many of these technologies currently in the development stage [50]. Many downstream processing recovering methods have advantages or disadvantages in regard to economics, ecological impacts, safety, recovery yields, production purity/quality and difficult scalability [83]. Some of the more well-known recovery methods involve the use of solvents to obtain a good quality product, but solvents such as chloroform should have no place in the PHA production chain on a larger scale [107]. The extraction of PHA using the halogenated solvent chloroform is the performance benchmark for the extraction process of PHB and PHB co-polymers from its cell biomass, particularly at a laboratory scale [108]. It is the benchmark as studies by Rebocho et al. showed that their PHBHV/3HB polymer grown from halophilic yeast Pichia kudriavzevi VIT-NN02 from agricultural waste materials has a yield recovery of 99.99% using this method [109]. Solvent extraction using the likes of chloroform then require an antisolvent (usually at low freezing temperatures) to precipitate the polymer out of solution. This increases the resource input thus increasing waste potential that requires even further significant energy input to separate the solvent and antisolvent for reuse [108]. For these reasons the commercial scaling of such a process is not feasible. The extraction of mcl-PHA using acetone is the most common solvent extraction method for this type of polymer, with precipitation induced most prominently by the anti-solvents methanol and ethanol (typically at freezing temperatures) [110]. It is possible to obtain a pure polymer with a high molecular weight, while removing the bacterial endotoxin using this method [9,111]. Although a portion of the utilised acetone can be recycled, the environmental impacts and capital costs for using solvents in such extraction processes is not recommended for industrial scale-up [9]. Larger scale studies (medium scale @ ~200L) on cells produced by P. Putida involved heat pre-treatment at 121 °C, followed by digestion using Alcalase, EDTA and SDS with an optional final chloroform extraction to increase PHA purity from 95% to 99% [111,112]. This method is preferable as the quantity of chloroform used it significantly reduced. The used of SDS and enzymes will be discussed in more detail in the following paragraphs.



The use of sodium hypochlorite (halogenated) in tandem with anionic surfactant SDS (irritant) for the removal of PHA from cell mass goes against the theory of a greener plastic production process [83,113]. The use of sodium hypochlorite has also been reported to reduce the molecular weight of the polymer by half, even post optimization of the digestion time and parameter conditions [83,114].



Other reported methods for the extraction of PHA from biomass involves the use of enzymes to breakdown the outer non-PHA component of the biomass [83]. This non-PHA part of the biomass usually makes up <10% of the total cell dry weight, with the use of enzymatic catalysts for this step highly beneficial compared to chemicals such as sodium hypochlorite. Although enzymes have advantages in theory, the methods are still in their infancy and not cost effective due to the slow reaction rates of enzymes and low final product purities [34]. For these reasons, enzyme cocktails are often used in tandem with oxidants such as hydrogen peroxide to achieve the yields and purities required for commercial-scale up [115].





3. Properties of PHAs


Conventional fossil fuel derived plastics are used across every facet of life today, from the home to nearly all industries due to their properties allowing for their manipulation into convenient, durable and specialised products [4]. The formation of such products has paved the way for applications that would not otherwise be possible. However, in recent decades it has become apparent that this has come at a high cost with little or no sign of this cost subsiding. Common fossil derived plastics such as polyethylene, polypropylene and nylon are xenobiotic. Their release into the environment is resulting in environmental pollution that is further complicated by their mechanical degradation into microplastics [4,116]. The environmental damage and unsightly nature of non-biodegradable polymers must be halted but the dependency that the modern world has on these plastics is strong with little sign of subsiding. Plastics have many positive attributes that the world needs but a lack of waste management safety nets to capture the waste plastic contributes to a world where plastic pollution is taking place unabated. Society is calling for the reduction in plastic use and the use of a suitable replacement. A number of polymers such as polylactic acid and thermoplastic starch are in the market and their production is increasing. PHAs (Figure 5) show great promise but have limited market share [4].



The replacement of fossil plastics with biobased plastics addresses the issue of renewable carbon but not end of life management. The biodegradability of biobased plastics can help to address end of life management by offering more options. Biodegradable plastics should not be produced so that they can be released into the environment but rather that they increase the end of life management options for plastic and increase the chances of the plastic being collected and managed. Plastic products could be designed with emergency biodegradation in the event that they are accidentally released into the environment but this should not be the driver for plastic resource management as it could promote bad behaviour and continue to perpetuate plastic pollution.



3.1. General Properties of PHA


The properties of PHAs, such as processability, mechanical properties, UV resistance, are similar to commercially available thermoplastic fossil-based polymers such as polypropylene (PP) and polystyrene (PS). Depending on the composition of its monomers, with over 150 types of PHA structures reported in the scientific literature, an array of different properties and functionalities exist within this biopolyester family [44]. One universal property of PHAs is that they are thermoplastic, with other properties varying depending upon their chemical structure [117]. The number of carbon atoms present in the monomer dictates their molecular structure, along with the chain length of these associated monomers, which results in the diverse and multifaceted characteristics of PHAs [118]. The thermal, mechanical, and barrier properties are the most important and studied features of PHAs. Thermal properties such as glass transition temperature (Tg) and melting temperature (Tm), along with mechanical properties such as tensile strength (MPa) and extension to break (%) are key for determining the appropriate use of PHA polymers for various practical applications [119]. The thermal properties of PHAs depend on the polymer’s chain length, and these attributes directly affect the polymer’s mechanical properties. As mentioned earlier, based on the length of side hydrocarbon chain, PHAs can be broadly classified into three categories; scl-PHA, mcl-PHA and lcl-PHA. The subsequent section of this review will cover mechanical, thermal, and other functional properties like PHA’s gas barrier properties and its structure-property relationships. The discussion will primarily focus on scl-PHA and mcl-PHA; however, lcl-PHA is less common for applications due to its inferior properties, so it will not be discussed.




3.2. Properties of Scl-PHAs


The scl-PHAs are a class of PHAs with a number of side chain carbon atoms ranging from 3 to 5. For example, poly(3-hydroxybutyrate) (PHB), poly(3-hydroxyvalerate) (PHV) and their copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) are typical examples of short-chain-length PHAs [120]. The properties of these polymers vary depending on their substrate type, length of side chain, co-monomer and co-polymer composition. In general, PHA polymers produced by bacteria are semicrystalline, and crystallinity can influence the polymer properties. PHB homopolymer is known to develop high crystallinity (>60%), making it stiff and brittle [121]. Despite PHB having mechanical properties close to commercial polypropylene (PP), the challenge in melt processing PHB into products is one of the major factors restricting its broad adoption in commodity applications. The thermal properties, mechanical properties and other physical properties of PHB are discussed here in this sub-section.



3.2.1. Thermal Properties


The scl-PHA polymers are thermoplastics and differ in their thermal properties depending on their chemical composition. PHB homopolymer has a melting temperature (Tm) around 180 °C, close to its decomposition temperature [122]. Incorporating co-monomers such as 3-hydroxyvalerate (3HV) into the polymer chain decreases Tm and crystallinity of the polymer [123]. The glass transition temperature (Tg) is linked to the segmental mobility of polymer chains, which play a critical role in dictating the thermal and mechanical properties of the polymer. Previous studies have indicated that the number of carbons has a direct effect on the glass transition (Tg) and melting temperature (Tm), and crystallization temperature (Tc), of PHAs [119]. The Tg and Tm are essential thermal properties for various applications of PHAs. PHB is one scl-PHA that is highly explored for its properties. The linear chain structure of PHB leads to a predominantly crystalline phase, which is interconnected through the amorphous sections creating a semicrystalline polymer. A large number of reports suggest the range of Tg is −15 °C to 9 °C, depending upon the structure of PHB and its copolymers [124,125,126,127]. Similarly, the melting point (Tm) of PHB is reported to be between 160 °C to 180 °C, which depends upon the type of its crystalline phase [128]. Isostatic PHB displays a high melting temperature close to 175 °C and the Tg is close to room temperature (21 °C), resulting in a very narrow processing temperature window for PHB [129].



The thermal stability and degradation mechanism are important as they affect processability and mechanical properties. Thermal decomposition of PHB takes place just above melting temperature, making it vulnerable to degradation during processing at 180 °C. A degradation temperature of 210–220 °C of PHB limits the melt processability of PHB due to a narrow temperature window between melt and degradation temperatures. Temperature-induced chain scission in PHB can result in a rapid decrease in molecular weight [130]. Thermal analysis of melt-processed PHB indicates a double melting peak due to bimodal distribution of crystallite size resulting from changes in molecular weight due to random scission of PHB during the melt processing [131]. Various approaches have been implemented to improve the melt processibility of the PHB polymers. The addition of nucleating agents, plasticizers, blending with other polymers, co-polymerisation, nano additives etc. have been evaluated to improve the processability of PHB [132,133,134,135]. The addition of plasticizers reduces the interchain entanglement within the polymer and promotes PHB processing without thermal degradation [136]. Also, the inclusion of nucleating agents increases the spherulite counts due to the formation of numerous small and imperfect crystallites, leading to the lowering of Tg and the overall decrease in crystallinity of the polymer [137,138,139]. However, it is important to mention that some of the approaches to improve thermal stability and processability of PHAs can affect biodegradation [140].




3.2.2. Mechanical Properties


PHB polymers are traditionally stiff and brittle due to their high crystallinity. The mechanical properties of PHBs are similar to polypropylene; however, the lower elongation and high stiffness prevent PHB polymers from replacing fossil-based polymers such as polypropylene. Tensile strength measures the amount of force required to pull a material until it breaks and is typically within a range of 8.8 to 50 MPa for PHB synthesized from different raw materials. Similarly, Young’s modulus presents the stiffness characteristics, and scl-PHAs show a modulus of 3.5 × 103 MPa [141]. Elongation at break is the measure of the material’s ability to be stretched until it breaks, and it is expressed in the percentage of the original length of the material. The scl-PHAs show percentage elongation at break ranging very low to 15% to >200% based on its chemical and physical structure [142]. Pure isotactic PHB is brittle that show a tensile strength of 30–35 MPa, elongation at break around 15% and modulus of 1.2 GPa [117,143]. The primary reason for the high brittleness of PHB is due to slow secondary crystallization that occurs within the amorphous phase of PHB [117].



Though PHB has poor ductile properties, the addition of co-monomers, plasticizers, various polymers and fillers significantly enhance its elongation and tensile strength by reducing the crystallinity of the polymer [144,145]. The mechanical properties of the PHB polymers are altered by incorporating co-monomer units, side chains, and bulky functional groups by controlling the overall crystallinity of the polymers. Mangeon et al., reported a 6.5 fold improvement in percentage elongation at break values of natural terpene based plasticized PHB [145]. Table 3 below presents the effect of copolymerization on the mechanical properties of PHB.



Thus, the rigidity of PHB can be well-tuned by introducing some co-monomers into the backbone, which increases the flexibility to a significant extent. For example, the introduction of 3-hydroxyhexanoate (3HHx) comonomer to PHB by 17 mol% increased the ductility in poly-3-hydroxybutyrate-co-3-hydroxyhexanoate, P(3HB-co-3HHx) [148]. The physical blending of PHB with P(3HB-co-3HHx) through melt or solvent mixing lead to a similar improvement in flexibility of the blend system [151].



The ageing process largely impacts the mechanical properties of PHA overtime during the shelf-life of the polymer. The secondary crystallization phenomenon in the amorphous phase of PHB reduces flexibility and makes the material brittle. As a consequence of ageing in PHB, the tensile moduli increase while stress at break remains stable [152]. Further discussion on the ageing process for PHB is discussed in the next section.




3.2.3. Ageing of PHB


One major drawback with PHB materials is their slow ageing phenomenon over time, decreasing mechanical properties. Ageing of PHB occurs by slow changes in its amorphous and crystalline phases, resulting in either hardening or softening of the material. The ageing phenomenon in PHB primarily occurs through secondary crystallization as well as physical ageing [153]. At the first stage, after melt processing, PHB cools down without undergoing any crystallization; this is followed by the second stage of autocatalytic crystallization that occurs at a high rate. In the final stage, secondary crystallization occurs at a very slow rate within the amorphous regions of PHB [154]. The secondary crystallization that usually occurs within the amorphous phase leads to the formation of imperfect crystals along with the interlamellar spherulitic spaces. As a result, the polymer chain mobility in the amorphous phase becomes restricted, making the polymer more brittle [129]. The physical factors of ageing in polymers are related to the relaxation of polymer chains below its Tg due to the residual mobility of polymer chains in its glass phase [155]. Overall, the ageing of PHB leads to deterioration of mechanical and physical performances. Biddlestone et al., reported that the embrittlement effect of ageing in PHB can be reduced satisfactorily by annealing the PHB samples at 77 °C prior to storage. Another method to control the secondary crystallization of PHB is the addition of nucleating agents and then anneal is at 146 °C. Such annealed PHB samples are reported to retain their ductility during complete storage period [156].




3.2.4. Gas Barrier Properties


PHAs have an excellent barrier to air and moisture, making them suitable for packaging applications. The gas barrier property of polymers has been considered an essential property in packaging applications due to its associated advantages of lightweight, easy processing, and forming characteristics. Most biodegradable polymers have similar oxygen barrier properties to conventional petroleum based polymers, however, the barrier properties of biodegradable polymers decreases with the increase in humidity. PHB show better moisture and oxygen gas barrier properties than polypropylene (PP) and polyethylene terephthalate (PET), respectively [157]. The lamellar structure in the PHB crystalline phase contributes to its superior aroma barrier properties and other gas and moisture barrier properties [158]. Unlike amorphous polymers, the crystalline phase of PHB restricts the passage of gas molecules, making it more relevant to food packaging applications. Given the advantage of the high barrier properties of PHB, it can be blended with other biodegradable polymers and obtain a polymer blend with improved gas barrier properties suitable for food packaging applications. Thellen et al., reported extruded PHB and PHBV films with OTR (0% relative humidity (RH) and 23 °C) and WVTR (100% RH, 23 °C) values ranging from 193–410 cc-mil × m−2 × day−1 and 114–217 g-mil × m−2 × day−1, respectively [159]. However, further developments are needed to improve PHB barrier properties to replace fossil-based polymers with PHB for packaging applications.





3.3. Properties of Mcl-PHA


The mcl-PHA polymers typically have more than 5 side-chain carbon atoms and the physical nature varies from semicrystalline to an amorphous nature. The long side-chains of PHA affect the crystallisation phenomenon and lead to a reduction in thermal and mechanical properties. Also, the variation in monomer composition and bulky functional groups influence the elastomeric properties of mcl-PHA [160]. The typical examples of mcl-PHA are poly(3-hydroxyoctanoate) (PHO) and poly(3-hydroxynonanoate) (PHN), which are primarily formed as copolymers with 3-hydroxyhexanoate (HHx), 3-hydroxyheptanoate (HH) and/or 3-hydroxydecanoate (HD). Wide variation in properties of mcl-PHAs has been reported in the literature due to the lack of commercial polymer availability, variation in the production methods, type of carbon source that is used for production of mcl-PHA polymers [161]. A discussion on the thermal and mechanical properties of mcl-PHA are detailed below.



3.3.1. Thermal Properties of Mcl-PHA


The glass transition temperature (Tg) is closely associated with the polymer chains’ segmental mobility, which dictates the toughness and other physical properties of the PHA polymers. The mcl-PHAs have a Tg value ranging between −65 °C and −25 °C with a melting temperature between 40–70 °C [140]. An increase of 4 to 7 carbons in the side chain of PHAs, increases the melting temperature (Tm) from 45 °C to 69 °C due to increased crystallisation upon the participation of both the main chain and side chain carbons in the smectic structure [162]. The Tg of mcl-PHAs decreases with an increase in the carbon chain length and presence of pendant groups. The mcl-PHA and its co-polymers have lower thermal properties due to large and irregular side chains that inhibit polymer chains’ close packaging to crystalline structures [163]. Several other literatures support the tendency of side chains of mcl-PHA to crystallize and thus alter the thermal properties [164]. In the case of mcl-PHA with a large fraction of 3-hydroxydodecanoate (3HDD) and 3-hydroxytetradecanoate (3HTD), these show two melting peaks separated by a cold crystallization peak [165]. This dual-mode crystallization has been attributed to the presence of two distinct crystalline phases, which have different crystallization kinetics due to the variation in side chains lengths. PHA co-polymers containing 12–15 mol% aromatic side chains have shown increased Tg due to the rigidness of the side groups in the copolymers [166]. However, some co-polymers of mcl-PHA polymers do not crystalise due to the disorder introduced by the side chains present in the polymers [56,167]. The crystallization phenomenon of PHO is prolonged and requires several days to weeks to complete at room temperature; however, lower temperatures are more favourable to achieve maximum degree of crystallisation [168]. PHO polymers can attain 30% crystallinity (max) and having a Tg close to −35 °C and Tm nearly at 61 °C [30]. The crystalline regions act as physical crosslinks between amorphous phases of PHO and hence the polymer behaves like thermoplastic elastomer [167]. In isothermal crystallization studies using DSC, it is understood that the melting peak of PHO becomes more defined and increases at higher crystallization temperatures. It refers to the ability of the polymer chains to reorganize in more ordered crystalline domains at higher crystallization temperatures [169]. Copolymerization of mcl-PHA alters thermal properties like Tg, Tm, Tc and heat of fusion (ΔHm). In particular, the side chain carbon length of co-monomers has a greater influence on the crystallization mechanism and thermal properties of mcl-PHA [170]. For example, as the number of side-chain carbon atoms increases from 3 to 4 or higher, the layered crystal structure of packing with both main and side chains is developed, increasing Tg and Tm [164]. As the number of -side chain carbon becomes 7 or more, smectic liquid crystalline phases form at low temperatures and leads to cold crystallization [162]. Hence, considering its thermal characteristics are more relevant to elastomers, PHO has gained significant importance as an additive in blending with low ductile biodegradable polymers.




3.3.2. Mechanical Properties of mcl-PHA


Mechanical properties are critical when selecting PHA polymers for a specific application. In general, mcl-PHAs are more flexible and suitable for food packaging and tissue engineering, where biodegradability and biocompatibility are required [141]. The mcl-PHA co-polymers containing 3-hydroxyalkonate are much more flexible due to their lower crystallinity and close to properties that of LLDPE polymer [171]. The crystalline parts of mcl-PHA act as the physical crosslinks, contributing to its mechanical strength. Marchessault et al., reported the modulus and elongation at break of PHO is 17 MPa and 250–320%, respectively [170]. In another report (Gagnon et al.) mcl-PHA with 86% of 3HO presents modulus and elongation to break of 9.3 ± 1.4 MPa and 380 ± 40%, respectively [168]. The elongation at break for mcl-PHA is also reported to be as high as 1000%, which varies with the side chain’s length and chemical nature [88]. Table 4 presents the mechanical properties of various mcl-PHA polymers.



From Table 4, it is evident that there is a change in the mechanical properties of the PHA with the addition of one or more co-monomers into the PHA main chain backbone. For example, the copolymer containing 4.6 mol% of 3HHx improves tensile strength and modulus to a greater extent, while the elongation to break is reduced by 97–99% relative to PHO. In general, it can be understood that the high elasticity of mcl-PHA is relevant to flexible packaging applications. At the same time, the poor mechanical strength and low melt temperature limit its widespread acceptance. Further, an emphasis has been made to modify mcl-PHA adopting different techniques discussed later sections in the review.





3.4. PHA Modification


PHAs are a type of polymer that is derived from bacteria and are degraded by bacteria. Hence, this polymer holds great potential for the circular bioeconomy. Though PHAs possess a wide variety of properties, they are difficult to use on their own in certain applications [117]. In this regard, modification of PHAs is an essential prerequisite to make them suitable for various applications. In this section, a detailed discussion on PHA modification will be covered.



In the broad sense, PHA modification is classified into three primary sections as presented in Figure 6:




	
Chemical modification



	
Physical modification



	
Biological modification








Each section contains multiple subsections that will be discussed individually, along with the underlying mechanism associated with the modification process.



3.4.1. Chemical Modification of PHA


The primary reason for chemical modification is introducing functional groups to PHA that add valuable attributes that biotechnological conversion processes cannot easily achieve. These chemically modified PHAs, possessing improved properties, can be utilized as multifunctional materials [174]. The actual processing temperatures of PHAs are essentially determined by their crystalline melting points (Tm) because of their poor thermal stability during melt conditions. Larsson et al., performed a stability study on both the PHAs after Soxhlet extraction with CHCl3 followed by washing with aq. HCl solution, respectively. An increase in thermal decomposition temperature of 50 °C was reported for PHA washed with an aqueous solution of HCl acid [175]. In another attempt of mcl-PHA modification, Nerkar et al. used Lauroyl peroxide (L-231) as a crosslink agent of PHO, before melt blending with PHB [176]. Due to the variation in the melt viscosity between PHB and PHO there is poor compatibility between the two polymers during the melt mixing. However, the chain extension of PHO using peroxide prior to melt mixing with PHB enhances the viscosity of PHO, which improves both modulus and elongation to break. In similar context, Xiang et al., modified PHBV using DCP as crosslinking agent and the resultant long-chain branched copolymeric poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (LCB-PHBV) showed an accelerated crystallization rate [177]. Gopi et al., reported improvement in crystallization characteristics of PHO upon chemical modification with DCP and triallyl trimesate coagent [178]. Bhatia et al., modified PHBV co-polymer with ascorbic acid using Candida antarctica lipase B mediated esterification [179]. The ascorbic-modified PHBV showed a lower degree of crystallinity (99.6%), making it more ductile and easy to process. Also, the thermal degradation temperature increases to 294.9 °C and biodegradability enhanced by 1.6 fold compared to unmodified PHBV. PHA can be modified by chemical treatment with para-toluene sulfonic acid monohydrate (APTS) catalysed by acid, which leads to PHA linear chains forming with one end hydroxyl group and the other end carboxyl group [180]. These monohydroxyl terminated PHA act as an initiator for ring-opening polymerization of lactones. Polyurethanes based on different PHAs like P(3HB), P(4HB) etc. were synthesized by melt polymerization of PHA with Hexamethylene diisocyanate (HDI) under relatively mild processing condition [181]. Similarly, dihydroxyl terminated PHA is synthesized by the reaction of PHA with 1,4-butanediol in the presence of p-toluenesulfonic acid catalyst [182]. Diblock and triblock blends were prepared by reacting dehydroxylated PHA with polyethylene glycol (PEG), which show improvement in properties [183]. A range of literature is available on PHA chemical modification, and some of the methods can be adopted for large scale industrial applications.




3.4.2. Physical Modification of PHA


The blending approach and incorporation of additives are widely adopted methods to modify the individual polymers’ deficiencies. Moreover, the blending approach is more economical than co-polymerisation and other chemical modification methods. The goal for developing biodegradable polymer blends and composites is to improve the adhesion between the individual polymers components, reduce the interfacial tension between these components, and generate desired phase morphology and improved performance [3]. However, three factors that limit the blending with various polymers is; morphology of the biphasic system, degree of miscibility, and extent of compatibility between the phases. At thermodynamic equilibrium, the mixture of two polymers in an amorphous state exists as a single-phase; hence, the blend is treated as compatible, improving the physical and mechanical properties of the resulting blend polymer. The blend systems reviewed below focus on PHA based blend composites suitable for packaging film applications.



The selection of plastic packaging materials for food packaging largely depends on the type of food and shelf life of the product. The plastic film materials targeted for food packaging need to be versatile enough to withstand the handling process and should be able to maintain the physical and chemical integrity while retaining the aroma and keeping the food products fresh [184]. For example, stereoregular poly(L-lactic acid) [PLLA] cannot withstand high-temperature beverages; however, stereo complex PLA can be high heat resistant and suitable for high-temperature beverage applications [185]. While PLA alone does not provide good gas and moisture barrier properties [186], specific grades of PHA with a high degree of crystallinity can provide better barrier properties than PLA [152]. Therefore, biodegradable polymer blends are desirable to produce products similar to fossil-based polymer products.



PHA–PLA Blends: PLA is one of the most extensively used biobased and biodegradable plastics to date and has already gained attention for use in food packaging applications. The difference in theoretically calculated solubility parameters of PLA and PHB is very low and this represents possibility for good miscibility between the two polymers [187]. However, it is not always the case since the miscibility between PLA and PHB is also dependent on the molecular weight of both polymers, processing temperature and composition of blends. One component with low molecular weight in these blend systems leads to better miscibility, whereas PLA and PHB are higher in molecular weight and distinctively phase-separated [188]. Melt mixing of PHB with PLA in different compositions while keeping PLA as the matrix phase leads to a blend system with a higher degree of crystallinity and improved thermal properties [189]. The better mechanical property of PLA/PHB at 75/25 ratio is attributed to the fact that the added PHB acted as a nucleating agent in the PLA matrix. It is speculated that the synergistic effect of PLA/PHB blend system within the range of 75/25 ratio refers to good compatibility between the two phases [190]. The major difficulty experienced during film extrusion of PLA/PHB blends is due to its high brittleness and poor processing characteristics [191]. To improve these blends’ processability, blending the third component like a plasticizer or compatibilizer enhances the material flexibility and makes it suitable for film extrusion [188]. Numerous biocompatible and biobased plasticizers, used both for PHB and PLA, improve the flexibility of PLA and PHB [192]. Using acetyl tri-n-butyl citrate (ATBC) and polyethylene glycol as plasticizers in PLA/PHB blend led to improved thermal stability, which was studied under isothermal TGA analysis at 180 °C for less than 6 min [187]. Also, adding additives like cellulose nanocrystals (CNC) in the PLA/PHB system retain thermal stability while enhancing the mechanical properties significantly [193]. Apart from cellulosic fillers, the mechanical properties PLA/PHB blends can be improved by the addition of fillers like catechin, and nanofillers like, organically modified nanoclay etc. [194].



PHA holds great promise to be used in blends due to its high elongation properties [195,196]. The blending of PLA with PHA can be beneficial as it improves both polymers’ mechanical performance, in terms of reducing their brittle nature [196]. Most PHA/PLA blends are formed through conventional melt processing. Noda et al. (2004) reported melt-processed blends of poly(L-lactic acid) PLLA with Nodax™, a family of mcl-PHA, poly(3-hydroxybutyrate)-co-(3-hydroxyalkanote) bacterial copolyesters. It was found that a wide range of thermal and mechanical properties could be obtained by varying the type and quantity of mcl-PHA [197]. They reported that the elongation to break ratio was increased as well as improved energy at break was observed in solvent cast PLA-PHB and PLA-PHBV blends. Melt mixing of mcl-PHA with PLA leads to a reduction in brittleness of PLA while improving the ductility in the blend system. The addition of 5–15% of mcl-PHA into PLA reduces modulus of the blend compared to neat PLA, which is attributed to the plasticization effect of low molecular weight PHA and lubrication effect imparted by the high molecular weight mcl-PHA chains. Hence, the material’s ductility, which is usually inverse of modulus, increases in the blend system upon increasing the mcl-PHA content. Subsequently, the formability of these blends into the desired shape also enhances [187]. There is evidence of improved miscibility between PLA and mcl-PHA phases in blends where PHA fraction is higher than 50% [198].



PHA-PCL Blends: To improve their properties, PHA polymers can be blended with fossil-based biodegradable polymers such as polycaprolactone (PCL). PHB blended with PCL to overcome the limitation of brittleness, though several studies reflect the that PHB is immiscible with PCL [199,200,201]. Another member of the PHA family is poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HH)], which shows better ductility compared to PHB; however, the brittleness induced by the slow ageing of P(3HB-co-3HH) limits its application [202].The inclusion of 2.5–20 wt% of PCL into P(3HB-co-3HH) and PHB leads to an appreciable improvement in the ductility of the resultant blend, which is attributed to the fine dispersion of PCL phase within the PHA matrix [203,204]. In the same study, it is observed that there is a severe issue with the embrittlement of PCL/PHA blends with time due to the development of cracks or voids in PHA phase due to secondary crystallisation over a period of time [203]. Garcia et al., studied PHB-PCL blends along the entire composition with 25 wt% increment and found the blends are immiscible at all compositions [205]. Further, in the study, PCL was found to act as an impact modifier for PHB as the elongation to break changed from 11.2% for neat PHB to 1000% for blend with 75% PCL [205]. Nonetheless, the selective solvent etching of one phase of the these blends readily shows immiscibility in scanning electron micrographs, which is supported by two Tgs Przybysz et al., reported improved compatibilization between PCL and PHB through reactive extrusion using di-(2-tert-butyl-peroxyisopropyl)-benzene (BIB) as peroxide crosslinking agent. Compatibilized PCL-PHB (75/25) blend system with 0.5 wt% BIB show elongation to break 305 ± 14%; whereas the un-crosslinked PCL-PHB (75/25) blend show 125 ± 5%. Such improvement in properties is attributed to partial cross-linking/branching of studied blends confirmed by the melt flow rate and gel fraction measurements [206].



PHA-PBAT Blends: PBAT has good melt processability and shows ductile behaviour suitable for film extrusion and high thermal stability. It is chosen as one of the desired biodegradable polymers to blend with PHA. However, PBAT is not miscible or compatible with any of the PHAs, and requires compatibilizers to produce miscible blends with improved properties [207]. The addition of compatibilizers, such as organically modified natural Fibres, clay etc. are some of the preffered approaches to improve compatibility. Though scl-PHA like PHB or PHBV shows high barrier properties due to its high crystallinity, blending of PBAT diminishes its mechanical strength and gas barrier property due to the amorphous nature of PBAT [208]. However, co-polymers such as, poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)/poly(butylene adipate-co-terephthalate) (PBAT) blend (weight ratio of PHBV:PBAT is 30:70) modified with silane treated 10 wt% of recycled wood Fibre (RWF) improved mechanical morphological and thermal properties of PHBV-PBAT blends [209]. Nagarajan et al., observed improved interphase compatibility in PHBV-PBAT blends upon adding 0.75 phr poly diphenylmethane diisocyanate (pMDI) as compatibilizer in association with switchgrass Fibre loading of up to 30 wt% [210,211]. Larsson et al., carrier out reactive extrusion study of PHB (ENMAT Y3000P)/PBAT (Ecoflex) blend across the complete range of composition using dicumyl peroxide (DCP) as crosslinking agent. The peroxide free radical initiator DCP provided compatibility between the two constituent polymers and this is evident from the improved dynamic shear modulus, an apparent increase in interfacial adhesion, an increase in tensile storage modulus [175].



PHA-PBS Blends: Polybutylene succinate (PBS) is a thermoplastic biodegradable polymer synthesized by polycondensation reaction of 1,4-butanediol with succinic acid [212]. The advantages of PBS over PHB are its high flexibility and impact strength, thermal degradation stability, and chemical resistance makes it a good candidate for blending with scl-PHA [213]. At the first instance, it is reported that PHBV/PBS blends are immiscible, as evidenced by the decreasing crystallization rate of PHBV upon the addition of PBS [214]. In-situ compatibilization of PHBV-PBS blends using DCP as crosslinking agent improved the interfacial adhesion between PBHV and PBS phases due to formation of PHBV-g-PBS copolymers which subsequently acted as compatibilizer and partially cross-linked networks in the blends. An addition of 0.5 wt% DCP in PHBV/PBS (80:20) blend, the elongations at break increased from <10% (for neat blend) to 400% and the un-notched Izod impact toughness values increased from 10 kJ·m−2 (for neat blend) to 50 kJ·m−2 [215]. The increased rate of crystallization of PHBV in the presence of PBS indicated the developed miscibility induced by the crosslinking. Recently, Righetti et al., studied thermodynamically immiscible blends of poly(3-hydroxybutyrate) (PHB)/poly(butylene succinate) (PBS) and PBSA. The resultant blends showed improved ductility with minimal reduction in elastic modulus due to successive solidification of crystalline phases of the individual polymers [216].



PHA-Natural Polymer Blends: Natural polymers are attractive in designing biodegradable polymer blends based on PHA due to their degradability and abundant availability. Poly(3-hydroxybutyrate-co-3-hydroxy valerate) PHBV and cellulose acetate were blended with plasticiser and chain extending agent [217] to improve the ductility of the composites. However, the resultant blends had significantly reduced mechanical and thermal properties due to poor miscibility between the polymers. PHA blended with cellulose acetate butyrate (CAB) is reported to be miscible blends as evidenced by single Tg of PHB [218]. The improved compatibility was due to reduced spherulite growth of PHB in the presence of CAB, leading the amorphous phase of PHB. The morphology investigation of the blend through small-angle X-ray scattering (SAXS) indicates the presence of a homogeneous amorphous phase situated mainly in the interlamellar regions of crystalline PHB [219]. Chiulan et al., carried out a systematic cytocompatibility studies using L929 cell line of a triblend system comprising poly(3-hydroxybutyrate) (PHB), polyhydroxyalkanoate (PHA), predominantmy poly(3-hydroxyoctanoate) with high amorphous content and bacterial cellulose (BC) [220]. The blends show high surface roughness, medium hydrophobicity and enhanced cytocompatibility, making it suitable for biomedical applications. Blending natural rubber (NR) with mcl-PHA was reported to widen the application range of medium chain length polyhydroxyalkanoates by altering its thermal properties while reducing the overall cost of polymer. Also, it was observed that the degradation behaviour of the blend could be further tailored based on the blend composition [221]. The potential applications of these blends include flexible conventional and barrier packaging films, medical materials such as absorbable surgical sutures, matrices for drug delivery systems, and biodegradable moulded goods, paper coatings, non-woven fabrics, adhesives, films and performance additives [219,222,223].



Starch and thermoplastic starch are home compostable and mostly soluble in water, whereas PHAs are industrially compostable and hydrophobic. Hence, blending both the polymers not only eliminates the limitations related to starch films for packaging applications and aids flexible film processing of the blend system [224]. Lai et al., reported a compatible blend of modified corn starch-PHB with a single Tg at 37 °C [225]. However, the large difference in polarity between starch and PHA makes the two systems incompatible. Therefore, crosslinking or a compatibilizer are required to improve the compatibility between the two phases [226]. Sun et al. developed acid crosslinked blend of hydroxypropyl di-starchphosphate (HPDSP)/PHA. Different acids like citric acid, adipic acid, and boric acid were used as a crosslink agent. The superior thermal degradation stability of the crosslinked blends represented effectively is claimed to be due to intermolecular interactions of grafting or cross-linking between starch and PHA. Further, the citric acid crosslinked blend showed 45–72% improvement in Oxygen permeability (OP) and 45.6–270% improvement in water vapour permeability (WVP) in comparison to the control starch/PHA blend. Improved crystallinity and the compact and uniform crystal microstructure in crosslinked crystalline blend systems is the primary reason of increased gas barrier property and light transmission property of the blends.



PHA Bionanocomposites: Many researchers have studied composites of PHA, and a large variety of natural biofibres used as reinforcing fillers in PHA and the resultant composites are termed ‘Bionanocomposites’. For example, plant-based natural fibres like flax fibre [227,228], jute fibre [229], wheat [230], rice straw fibre [220], cellulose fibre [221], wood fibre [222], pineapple fibre [223], and bamboo fibre [231], kenaf fibre [232] etc. are reported to have improved mechanical properties of PHAs. PHA biocomposites with 40% kenaf fibre lost their flexural modulus and strength under the condition of aqueous exposure for 60 days. However, incorporating a suitable compatibilizer to the composite system suggested improvement in the homogeneity between the two phases of polymer and kenaf fibre [233]. Short abaca fibres were melt mixed with PHA and subsequently, injection moulded to demonstrate products. These biofibres were surface modified with butyric anhydride, and the effect of surface treatment of these fibres, fibre length, fibre content were thoroughly investigated by Shibata et al. [234]. The surface treatment of abaca fibres improved the flexural properties of the PHA/abaca fibre biocomposites and 5 mm length is the appropriate length to obtain best mechanical properties. Sisal fibres were added to PHA under inert and oxidative condition resulting in improved thermal stability [235]. Hemp fibres were embedded in PHA polymer matrix and the crystallization studies were conducted to understand the behaviour of the fibres in the PHA matrix [236]. Transcrystallization took place at the surface of the hemp fibres indicating nucleation and improvement in the crystallization process. Wheat starch granules were melt mixed with PHBV at 160 °C and the tensile strength of the composite was found to reduce from 18 MPa to 8 MPa, whereas the Young’s modulus has increased by ~63%, making the material useful within the range of flexible film packaging applications. As part of an interesting observation of this biocomposite, the degree of biodegradation significantly improved upon addition of starch into the PHA matrix. While 20 days were required to degrade 100% pure, 100 micron thick PHBV film, the biocomposite of PHBV with 50 wt% starch granules took only 8 days to completely disappear under aerobic conditions [237]. Wood celluloses are one of the cost-effective biofillers in polymer matrices and incorporation of these fillers into PHBV enhance the stiffness, brittleness and other mechanical properties. The reduced percentage elongation at break, due to the addition of the cellulose, was mitigated by the increased HV content of PHBV [238]. Posidonia oceanica (PO), an abundant Mediterranean seagrass, was used as biofiller for PHBV. The resultant biocomposites were analysed for their physical properties and biodegradability in the marine environment separate to its routine performance analysis [239]. The addition of 10 wt% of acetyl tributyl citrate (ATBC) as a plasticizer along with 30 wt% of PO fibres enhance the processibility of the composite. An increase in PO fibre content from 0 wt% to 30 wt% results increase in tensile strength and Charpy’s impact energy from 2 GPa to 2.4 GPa and 3.6 kJ m−2 to 4.4 kJ m−2, respectively at the cost of a moderate reduction in the elongation to break from 3.2% to 1.9%. Also, biocomposites with 20 wt% PO fibre caused 10% rise in the biodegradation rate of the polymeric matrix after 216 days. Under real-time marine environment, higher degradation of composites was observed compared to neat PHBV film. It was understood that the PO fibres were capable of developing biofilm consisting of bacteria and fungi on the surface after only 3 months of incubation in marine sediments [239].



Inorganic fillers are also used as additives in PHA primarily to enhance its functional properties while maintaining biodegradation characteristics. It is essential to use non-toxic and biocompatible minerals as additives and hence unlike biofibres, selection of mineral additives is challenging. Limited studies were made on layered silicate based PHA composites and Maiti et al., which reported melt extrusion technique to develop PHB/organically modified montmorillonite (MMT) clay composites [240]. These composites have shown improvement in mechanical properties like storage modulus by 40% at 2 wt% filler concentration compared to pristine PHB. Furthermore, the modified clay particles were found to act as strong nucleating agents of PHB and improved thermal stability. The time for 30% biodegradation at 60 °C is 9 and 6 weeks for pristine PHB and PHB with 2 wt% clay particles, respectively [240]. In a similar line, Choi et al., reported improvement in tensile properties like Young’s modulus from 480 MPa for neat PHBV to >790 MPa of PHBV upon addition of intercalated MMT clays. Similarly, from thermogravimetric analysis of the composites, an increase of 11 °C in degradation temperature corresponding to 3% weight loss (T3%) of the composites were observed [241]. Bordes et al. reported to have improved the elongation at the break by 21% and 85% for PHB and PHBV while retaining modulus (>1884 MPa) and tensile strength (>24 MPa) upon adding an optimum of 1 wt% of organically modified montmorillonite (OMMT) due to high degree of nanolayer dispersion within PHB and PHBV matrices [242]. Xu et al., presented the work to develop high-performance PHA-based nanocomposites with long alkyl chain quaternary salt (LAQ) functionalized graphene oxide (GO-g-LAQ). The obtained nanocomposites show improvement in tensile strength and storage modulus from neat PHA by 60% and 140%, respectively. Incorporation of 5 wt% of GO-g-LAQ reduced oxygen permeability of the nanocomposite (0.21 cm3 × m−2 × d × atm) by 86% from neat PHA film (0.21 cm3 × m−2 × d × atm). These nanocomposites also provide inherent antibacterial performance against Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria [243]. The tensile strength, storage modulus at room temperature improved by 60% and 140%, respectively, and it is suggested to have the potential for food packaging applications [243]. Other biobased inorganic fillers like silicon dioxide (SiO2) [244], titanium dioxide (TiO2) [245], calcium carbonate (CaCO3) [246], polyhedral oligomeric silsesquioxane (POSS) [247] etc. have great potential for improvement in multiple properties of PHA based composites.




3.4.3. Biological Modification of PHA


PHAs can be biologically modified in a number ways; simultaneous addition of two substrates in the culture medium and; feeding of substrates containing functional groups [248].



Simultaneous addition of two substrates in culture medium: Many PHA formations can be modified through the co-feeding of substrates in the bacterial fermentation [248]. Halomonas bluephagenesis can produce a PHBV copolymer depending on the concentrations of glucose and propionic acid (or other propiongenic substrates) supplied within the fermentation media [98]. A study by Xu et al. showed that the co-metabolism of glycerol and lignin derivates simultaneously improved cell dry weight and biosynthesis of PHA for P. putida KT2440 [249].



Feeding of substrates containing functional groups: The feeding of different but specific substrates with functional groups is a method for biologically modifying PHA [248]. For example, P. putida can be grown with the presence of ω-phenoxyalkanoates in its culture medium, producing PHA with phenoxy groups in the side chains [250]. Another study found that the introduction of functional groups to PHA through fatty acids allowed for the formation of functional PHA for further grafting [251]. This opens the door to widening PHA diversity further through functional PHA site chains that can be modified through controllable homopolymerization, random copolymerization, block copolymerization and grafting [252].






4. Applications of PHAs


4.1. Food Packaging Applications


The use of plastics in food packaging is ubiquitous as plastics provide physical, mechanical, chemical and microbial protection from the external environment. Plastics are lightweight and have good transparency, making them highly convenient to use as display products. Conventional petroleum-based plastics have advantages like good gas and moisture barrier properties, thermal seal-ability, easy processing, non-toxic, low price, and readily available. Most plastics used in food packaging are non-polar in characteristics and are non-biodegradable e.g., polyethylene’s (PE), polypropylenes (PP), polystyrenes (PS), polyvinyl chloride (PVC), polyethylene terephthalate (PET) etc. These non-biodegradable plastics are becoming the primary source of plastic waste that can and are causing severe environmental pollution. The single-use culture of these non-biodegradable plastics represents a severe global ecological problem, also commonly known as “White pollution” [253,254]. In recent years, biodegradable polymers produced from renewable resources are emerging as alternative packaging materials to mitigate the environmental consequences caused by packaging waste. Examples of such biodegradable polymers include starch-based plastics, polylactic acid, polyhydroxyalkanoates, Polybutylene Succinate, cellulose esters etc. However, the major drawback of biodegradable plastics used in food packaging is their poor mechanical, thermal, and barrier properties.



Among commercially available biodegradable polymers, PHA polymers are promising candidates for packaging applications due to their similar barrier and mechanical properties compared to fossil-based plastics such as LDPE and polypropylene [255]. Table 5 presents the barrier properties of some of the biodegradable polymers.



Comparing the moisture barrier property among the mentioned polymers in the Table 5, it is realized that PHBV and PBS exhibit better moisture barrier properties compared to PLA and other commercial bioplastics. Similarly, the PHBV shows the lowest (best) oxygen gas barrier properties, contributing to its valued addition for packaging applications. In a similar context, it is worth mentioning that Thellen et al., observed ten-times higher oxygen gas barrier property in PHA with high degree of crystallinity compared to PLA [159]. PHAs show good gas barrier properties, and it is the appealing point of this bioplastic in numerous packaging applications. Keskin et al., reported having better moisture and gas barrier properties for PHA than its commercial counterparts PLA and PCL [261]. Water vapour permeability (WVP) of commercial PHA like Enmat Y1000P from Tianan and Mirel F1006, Mirel F3002 from Telles show intermediate water vapour barrier properties compared to commercial PP and is much better than PLA [152]. However, PHA polymer containing processing aids such as plasticizers has inferior barrier properties due to decreased crystallinity. Crystallinity is the factor that dictates the gas barrier property of PHAs. scl-PHAs show better barrier performance compared to mcl-PHAs due to their high crystallinity. The side chain length naturally affects the barrier properties of PHA by affecting the crystallinity of the polymer. In the list of biodegradable plastics that are 100% biobased, PHA is rated at the top in terms of gas barrier properties, which makes it a suitable candidate to blend with other bioplastics to improve their mechanical properties.



PHAs are thermosensitive at temperatures generally considered not high in the polymer processing industry and have inferior mechanical properties to conventional fossil-based polymers. Also, widening the applications of PHAs as commodity plastics requires a reduction in the cost of production. Comparatively high production costs of PHA to conventional plastics present problems in its competitiveness for production in the global market [3,262]. Therefore, blending PHA with commercial biodegradable polymers could be an viable approach to PHA polymers for various applications.




4.2. Biomedical Applications


The biomedical applications of PHA and their blends have been widely reported [255]. The properties of these biodegradable, biocompatible and non-toxic blends makes their use in medical applications such as wound management, drug delivery carriers, biodegradable implants (vascular system, orthopaedy), tissue engineering and anticancer agents an attractive option. Some of these applications found in Table 6 will be reviewed in this section.



A high biocompatibility is necessary when exposing the human or animal body to an object that isn’t naturally occurring to that organism [9]. This biocompatibility of a foreign object used in a human or animal is determined by factors such as shape, surface porosity, material chemistry and the environment in which the object is in-situ (tissue) [9]. This is why PHAs have high potential in biomedical applications, as tests have shown that components of PHA, such as (R)-3-hydroxybutyric acid from PHB, are already present in human blood [263]. This ultimately reduces the potential for the immune system to reject an implant that is comprised of natural occurring elements. The natural occurring properties of PHAs are a good starting point for their use in medical applications, but the potential and optimization of such applications requires improvement of properties through the blending of polymers. Raza et al. (2017) reported that mice fibroblast cell growth was increased when they were grown on a PHB/PHBHHx polymer blend when compared to the individual PHB and PHBHHx components. The monomeric units of PHAs can reduce bacterial infection like that from Staphylocuccus aureus with P3HB/P4HB known for aiding in the enhancement of angiogenic properties of the skin and wound healing [255]. Along with increased biocompatibility and regenerative benefits, there is also a significant increase in the tensile strength of blended films when the PHBHHx content of the blend is increased [264,265]. As PHA is so biocompatible and biodegradable it’s also a promising candidate for use as a drug carrier. It was shown by Kassab et al. (1997) that microspheres of PHB can be formed in a range of sizes, these spheres being loaded with rifampicin, allowing for the release of the drug over a 24 h period. This allowed for the rate of the drug released to be increased or decreased depending on the width of the PHB sphere [266]. As well as a wound management and as a drug carrier tool, PHA can also be utilized as a scaffold material in tissue engineering [9]. This is a complex application as it requires the biopolymer scaffold to serve a wide array of functions: biocompatibility; support of cell growth and cell adhesion; guide and organize cells; allow ingrowth of cells and flow of nutrients/wastes and biodegrade in a non-toxic manner [267]. PHA production costs are currently high and so cannot compete with petroleum-based polymers in most applications today, so using PHAs in these complex biomedical applications can warrant the initial production cost.





5. Biodegradability of PHAs and Composites


The detrimental impact of the continuous accumulation and physical degradation of petroleum-based plastics to form microplastics is putting unprecedented pressure on our natural Environment [268]. The total cumulative global plastic production reached 7.82 billion metric tons by 2015 [269]. Increased efforts are required to prevent the release of plastics into the environment, to increase the rate of plastics recycling and to find alternatives to these fossil based recalcitrant plastics. The two major movements circular economy and bioeconomy seek to address resource efficiency (circular economy) and the switch to the use of biobased resources (bioeconomy). The latter makes up one half of the circular economy. Thus, society is shifting towards efficiency of resource use, increased recycling and the use of biobased and biodegradable polymers. Not all biobased polymers are biodegradable and not all biodegradable polymers are biobased. For example there are technologies emerging to produce bio-based equivalents to fossil based plastics such as poly(ethylene) and poly(ethylene terephthalate) [270]. There are also polymers such as Polybutylene adipate terephthalate (PBAT) and polycaprolactone (PCL) that are fossil based and biodegradable. Biobased polyethylene can be manufactured from sugar cane through a multi-step process involving fermentation, to produce ethanol, and chemical catalysis to produce ethylene and subsequently polyethylene [271], refer to ‘Figure 7’ below for more details on this multi-step process. PET has two monomers terephthalate and ethylene glycol. Terephthalate is made from oxidation of para-xylene (1,4 dimethylbenzene) which can be synthesised from 2,5-dimethylfuran (DMF) and ethylene or 4-methyl-3-cyclohexene-1-carboxaldehyde (4-MCHCA). Ethylene glycol, having a similar to structure to glycerol is normally produced from ethylene (fossil fuel based) but can also be produced from biomass such as sugars via microorganisms such as Pseudomonas syringae [272]. Ethylene glycol can then be synthesized from p-xylene (originating from biomass sugars), polymerized with terephthalic acid from biomass to form PET [273]. DMF can be synthesised from fructose [274] while 4-MCHCA can be produced from acrolein and isoprene. Acrolein can be produced through the dehydration of glycerol, a major component of plant oils and a by-product of biodiesel production [275]. Biobased Isoprene can be derived from plants and more recently genetically engineered microbes using glucose as the carbon substrate [276].



Biodegradable polymers such as PHAs are compostable in industrial composting facilities. PHB is also home compostable and a particularly good example of a highly degradable polymer in multiple environments i.e Marine pelagic, fresh water aerobic, anaerobic aquatic, and soil. However PHO, a medium chain length PHA is not home compostable and degraded slowly in aerobic marine and fresh water environments. Furthermore, it exhibited very poor biodegradation in anaerobic aquatic and soil environments [278]. The biodegradation profile of PHO in managed environments is similar in many ways to polylactic acid which is industrially compostable but not home compostable. However, PLA shows no biodegradation in marine fresh water, or soil. Thermoplastic starch (TPS) is the single biggest selling biobased polymer while poly(lactic acid) is the fastest growing. PHA production remains low but its growth potential remains high [279].



The use of PHAs in polymer composites can improve the mechanical and thermal properties of the final biobased products, while also improving the biodegradability properties of the overall biocomposite product [280]. This section will review PHA biodegrading microorganisms and their extracellular biodegradation of PHA, the properties of PHAs affecting biodegradation and the biodegradation of PHA blends and their additives.



Short and medium chain-length PHAs can be degraded by an array of bacteria and fungi under both aerobic and anaerobic conditions. Some of the most effective PHA biodegrading bacteria belong to genera’s such as Pseudomonas, Bacillus and Burkholderia with fungi in the Ascomycota and Zygomycotina genera’s proven to be effective and sometimes even more effective PHA degraders than bacteria [281,282]. Enzymes called PHA depolymerases are mediators of the extracellular biodegradation of PHA, where they breakdown the polymer into shorter chains through hydrolytic depolymerisation to form oligomers with further biodegradation into trimer and dimer units either through the action of PHA polymerase [280] or through lipases and hydrolases [283]. PHB is a common PHA that is broken down in this manner, as shown in Figure 8 below. This figure depicts the protein structure of the extracellular PHB depolymerases where there are three domains: binding, which is responsible for absorption and spreading across the polymer; linker, which is responsible for linking the binding domain to the catalytic domain and; catalytic, which cleaves the PHA and any available dimers and trimers [280].



Although there are three domains involved with the enzyme attachment to the PHB surface, the enzymatic hydrolysis of PHA’s is a two-step process. The first being the absorption of enzymes onto the polymer surface and the second being the hydrolytic cleavage of PHA bonds induced by the absorbed enzyme [284]. This process favours less crystalline polymers that have amorphous surface crystals as the hydrolytic enzymes can access the less ordered structure more easily [285]. The by-products and efficiency of this enzymatic degradation are dependent on the type of PHA. PHA biodegradation rate or efficiency depends on the physical and chemical properties of the polymer such as crystallinity, types of copolymers, and the copolymeric structure [280,286]. For example, PHBV has a greater amorphous region than PHB due to the presence of 3-hydroxyvalerate meaning it has a reduced water barrier, increasing absorption which allows for an easier access for the enzyme catalytic domain to cleave the PHA [287]. Other factors such as unknown enzymes, PHA side chain length and frequency, environmental conditions (e.g., water temperature) and molecular weight can affect the rate of a polymers biodegradation [280,288].




6. Recycling of PHAs


Recycling is the most desired option to manage plastic waste and associated environmental pollution and greenhouse gas emissions. There is increasing use of biobased and biodegradable plastics to replace fossil-based plastics in various applications to curb the ever-growing plastic pollution and terrestrial water littering. As a result, there is considerable growth in biodegradable plastics in packaging and other commodity products due to more comprehensive end-of-life options available with biodegradable plastics like PLA, PHA, PBS, TPS, and other biodegradable plastics. Figure 9 shows the end-of-life options available for biodegradable polymers. Different recycling processes recycle only 9% of total plastics produced [289].



Mechanical recycling is the most used recycling process, which involves collecting, sorting, washing, and grinding the plastics to obtain homogeneous material for reuse and further processing [149]. However, not all the biodegradable polymers can be recycled in this way as they could degrade due to the reprocessing (thermal-mechanical degradation) and factors during lifetime (exposure to environmental factors like heat, oxygen, light, moisture) [290]. Chemical recycling involves the degradation of polymer into their chemical constituents that can be polymerized to the original product or converted into other valuable products [291]. Even though mechanical recycling is the most preferred methodology, chemical recycling can produce value-added materials and fully represent the circular polymer production economy [292]. Indeed the use of chemical and biological technologies to both depolymerise plastics and convert the individual monomers to value added products including biodegradable plastics is being investigated in two joint EU-China projects i.e Mix-up (https://www.mix-up.eu accessed on 20 January 2022)and BIOICEP (https://www.bioicep.eu accessed on 20 January 2022) Overall, the lack of an ample quantity of biodegradable polymer waste makes recycling less economically attractive than conventional plastics. Chemical recycling is possible with biodegradable polymers; however, the current processes are expensive and not practised on a commercial scale. Apart from traditional recycling techniques, biodegradable polymers can be recycled by organic recycling under industrial composting conditions, which is a unique advantage with biodegradable polymers compared to fossil based plastics [293]. In polymers that cannot be recycled, energy recovery is the preferred option through an incineration process.



PHA polymers have the fastest market growth rate since 2014, and its production reached about 100,000 tonnes in 2020 [294]. A variety of PHA polymers produced on an industrial scale have shown similar fossil-based plastics performances for various applications. Mechanical recycling of PHA polymers is not recommended for PHA polymers due to their poor thermal properties. Generally, PHA polymers are recycled by the industrial composting process, with very few studies in terms of PHA recycling available [295]. Poly(hydroxybutyrate) (PHB) recycling via extrusion studied by [296], showed a significant reduction in the physical properties after two extrusion cycles and 50% decrease in the tensile strength at complete degradation after the third recycling cycle. However, the degraded products of PHB can be used as plasticizer for making PLA based composites [297].



Furthermore, PHA based polymers are often blended with other materials to reinforce their properties, and consequently, mechanical recycling system becomes more complex and expensive. However, it was reported that by blending a small amount of PLA with PHB, PLA could act as a stabiliser by improving the stability of the PHB up to 5 cycles of recycling with a slight decrease in mechanical properties [298,299]. Furthermore, chemical recycling of PHA is reported through the pyrolysis process, leading to the production of crotonic acid monomers [300]. These resultant monomers can be used to produce other polymers, plasticizers, herbicides and cosmetic products. Table 7 shows the recycling pathways of PHA polymer by different recycling and associated products. Currently, PHA polymers not separated from mixed plastic waste streams due to their low volume and non-existence of an eco-system for the recovery of PHA polymers.



The introduction of biodegradable plastics into the market has given rise to the need for more efficient recycling techniques. Currently, the traditional recycling methods are not compatible with most of the biodegradable polymers. A further problem in the recycling of biodegradable plastics comes from the separation of different types of plastics. Therefore, further efforts and investments are required to improve the segregation of biodegradable plastics to re-use the biodegradable material most efficiently.




7. Conclusions


The current economic viability for PHA production is still challenging when competing with fossil-based plastics sold into high-volume, low-value applications. Given that starting materials to make PHAs is a significant cost factor in their production, waste or low-value substrates are of interest in this review and continue to be across much of the research and development on PHAs. The fermentation production processes, scale-up of these processes, and the downstream processing involved are key addressable pillars of the PHA production chain. An in-depth knowledge of the polymers’ properties and how these relate to applications is critical in steering the production of PHAs in the right direction. While the biodegradability of PHAs and composites is a critical characteristic, the performance of these polymers in products will also be a major factor affecting their market uptake. Thus, research into substrates, production processes, properties, applications, modifications, biodegradability, and even recyclability of PHAs are areas that require further research and development.



In general, biodegradable plastic can reduce plastic littering and return clean organic matter to the soil in the form of high-quality compost by avoiding contamination with persistent plastics. Products based on biodegradable polymers are designed to safeguard our ecosystem and minimise plastic pollution while improving the circularity of resources used to produce the polymers. At the same time, creating circular products, such as biodegradable polymers, provides solutions to environmental issues and supports the creation of new jobs and infrastructures that unlock the potential for local agricultural and forestry value chains. Currently, the share of biodegradable plastic products is tiny (1–2%) and is expected to grow 5–8% in the next 5 years. However, the entry of biodegradable-based plastic products into the plastic market is slow due to high cost, nonavailability of polymers, and widespread confusion among the consumers regarding biodegradable plastic products. Promoting biodegradable-based plastics requires further investments and improving the scale of manufacturin and availability of these polymers to use in various applications. Also, appropriate regulatory policies are necessary to minimise barriers and create end-of-life infrastructure to promote products based on biodegradable polymers.



Further, an appropriate labelling system is needed to distinguish the products based on biodegradable plastic products to create proper recycling and disposal infrastructure to capture the valuable biodegradable plastics entering into mixed-plastic waste streams. In addition, to realise the true environmental benefits of biodegradable plastics, correctly verified biodegradation standards are essential to boost the use of biodegradable polymers. Therefore, biodegradable plastics such as PHA and their composites can contribute to a sustainable circular plastic economy and reduce unavoidable plastic littering.
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Figure 1. Transmission electron micrograph showing granules of PHA accumulated in the bacterium P. putida CA-3 from styrene [10]. 
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Figure 2. General chemical structure of poly-3-hydroxyalkanoates (PHAs) [6]. 
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Figure 3. Biosynthesis pathways of short chain length (scl) PHA, medium chain length (mcl) PHA and short-medium-chain length (scl-mcl) PHA from sugars and oils. PhaA, β-ketothiolase; PhaB, NADPH-dependent acetoacetyl-CoA reductase; PhaC, PHA synthase; PhaG, 3-hydroxyacyl-ACP-CoA transferase; PhaJ, (R)-enoyl-CoA hydratase; FabD, malonyl-CoA-ACP transacylase; FabG, 3-ketoacyl-CoA reductase [19]. 
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Figure 4. General schematic showing the general structure of triglycerides present in plant oils and the hydrolysis products of these triglycerides (glycerol and fatty acids). 
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Figure 5. General structure of short chain length and medium chain length PHA [4]. 
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Figure 6. Different modifications of PHA. 
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Figure 7. Production routes for fully biobased polyethylene terephthalate (PET) and polytri-methylene terephthalate (PTT). Biomass-derived substrates are marked by white boxes, biobased synthesis of monomers is highlighted in light gray, key monomers in dark gra y, key monomers in dark gray. Abbreviations: MEG, monoethylene glycol; PDO, 1,3-propanediol; TPA, terephthalic acid [277]. 
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Figure 8. A Single PHB crystal enzymatic degradation by PHB depolymerase [280]. 
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Figure 9. End-of-life options for biodegradable plastics. 
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Table 1. Microorganisms extensively studied for their ability to accumulate PHA.
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	Microorganism
	PHA Type
	Reference





	P. putida KT2440
	mcl
	[24]



	P. oleovorans ATCC 29347
	mcl
	[25]



	Burkholderia sacchari LFM 101
	scl
	[26]



	Cupriavidus necator H16/DSM 428
	scl
	[27]
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Table 2. Bacterial strains growing on different plant oils and waste substrates to produce PHA.
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	Substrate
	Strain
	mcl-PHA (g L−1)
	Biomass (g L−1)
	Time (h)
	References





	Lard, Butter Oil, Olive Oil, Coconut Oil & Soybean Oil
	P. saccharophila NRLL B-628
	2.1
	1.6–2.8
	48
	[60]



	Lard And Coconut Oil
	P. putida KT2442
	0.9–1.6
	4
	72
	[61]



	Waste cooking oil (1%)
	Pseudomonas sp. D12
	0.1
	0.54
	72
	[62]



	Waste cooking oil (2% w/v)
	P. aeruginosa L2-1
	3.43
	6.8
	24
	[63]



	Waste cooking oil (20 g/L)
	P. aeruginosa 42A2
	1–1.6
	3.5–5.5
	72
	[64]



	Waste Fat (20 g/L)
	P. aeruginosa 42A2
	2.3–3.6
	3.5–5.5
	72
	[65]



	Soy Molasses (2% w/v)
	P. corrugate 388
	0.07–0.6
	1.5–3.6
	72
	[65]



	Lard, Butter Oil, Olive Oil, Coconut Oil & Soybean Oil
	P. saccharophila NRLL B-628
	2.1
	1.6–2.8
	48
	[59]
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Table 3. Mechanical properties of various types of PHB.
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	PHB Type
	Tensile Strength (MPa)
	Modulus (MPa)
	Elongation to Break (%)
	Reference





	P(3HB)
	40
	3500
	6
	[146]



	P(4HB)
	104
	149
	1000
	[147]



	P(3HB-co-17%3HHx)
	20
	173
	850
	[148]



	P(3HB-co-20 mol% 3HV) a
	20
	800
	5
	[149]



	P(3HB-co-6 mol% 3HA) b
	17
	200
	680
	[149]



	Polypropylene
	38
	1325
	400
	[150]







a 3-hydroxyvalerate [3HV]. b 3-hydroxydecanoate (3 mol%), 3-hydroxydodecanoate (3 mol%), 3-hydroxyoctanoate (<1 mol%), 3-hydroxy- cis-5-dodecenoate (<1 mol%) [3HA].
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Table 4. Mechanical properties of various types of mcl-PHA.
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	mcl-PHA Type
	Tensile Strength (MPa)
	Modulus (MPa)
	Elongation to Break (%)
	Reference





	P(HO)
	NA
	17
	250–350
	[170,172]



	P(3HO-co-12%3HHx-co-2%3HD *)
	9.3
	147.69
	380
	[168]



	P(3HO-co-4.6%3HHx)
	2022.9
	173599.9
	6.5
	[173]



	P(3HO-co-5.4%3HHx)
	23.9
	493.7
	17.6
	[141]



	P(3HO-co-7%HHx)
	17.3
	288.9
	23.6
	[141]



	P(3HO-co-8.5%HHx)
	15.6
	232.3
	34.3
	[141]







* 3-hydroxydecanoate (3HD).
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Table 5. Water vapor transmission rate [WVTR] and oxygen transmission rate [OTR] of certain biodegradable plastics [256,257,258,259,260].
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	Biodegradable Polymers
	WVTR

(g/m−2/24 h−1) *
	OTR

(cm3 m−2/24 h−1) **





	PCL cast film
	800
	500



	PLA cast films
	350
	410



	PHB films
	300
	425



	PHBV
	138
	218



	PBS
	84
	737



	Pea-based TPS
	200
	276



	PBAT
	540
	1530



	Cellulose acetate
	1090
	650







* 38 °C, 90% RH, ** 23 °C, 0% Relative Humidity (RH).
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Table 6. Applications of PHA in medicine [9].
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	Type of Application
	Products





	Wound management
	Sutures, skin substitutes, nerve cuffs, surgical meshes, staples, swabs



	Vascular system
	Heart valves, cardiovascular fabrics, pericardial patches, vascular grafts



	Orthopaedy
	Scaffolds for cartilage engineering, spinal cages, bone graft substitutes, meniscus regeneration, internal fixation devices (e.g., screws)



	Drug delivery
	Micro- and nanospheres for anticancer therapy



	Urology
	Urological stents



	Dental
	Barrier material for guided tissue regeneration in periodontitis
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Table 7. Recycling Methods for various PHAs and its blends.






Table 7. Recycling Methods for various PHAs and its blends.





	
Recycling Type

	
Methods/Technology Adopted

	
Type of PHAs

	
Final Product as an Outcome

	
Reference






	
Mechanical

	
Melt extrusion technique

	
PHBV

	
The process can be repeated up to five times; an 8% loss of tensile strength.

	
[301]




	
Melt extrusion technique

	
PHBV/PLA blend

	
The process can be repeated up to six times.

	
[298]




	
Melt extrusion technique

	
PHB

	
A grafted PLA/PHB blend with better physical properties.

	
[296]




	
Melt extrusion technique

	
PHB

	
Significant reduction of physical properties after two cycles.

	
[149]




	
Chemical

	
Pyrolysis at 170–290 °C

	
PHB, PHBV

	
Crotonic acid, its diamer and trimer.

	
[302]




	
Pyrolysis with magnesium oxide and magnesium hydroxide as catalyst at 160–280 °C

	
PHB, PHBV

	
Highly selective crotonic acid, PHB oligomers, and 2-pentenoic acid.

	
[303]




	
Pyrolysis conducted at temperature range of 220–670 °C

	
P(3HD)

	
2-decnoic acid the primary product which is a carbon source for new P(3HD).

	
[304]




	
Pyrolysis at 310 °C

	
PE/PHBV (70/30) blend

	
Higher composition of crotonic acid compared to neat PHBV, separation of two materials without contamination.

	
[258]




	
Microwave-assisted degradation in green solvents (water, methanol, ethanol) under alkaline condition, mild condition of 20 min microwave heating at 110 °C

	
PHB

	
3-hydroxybutanoic acid, 3-methoxybutanoic acid, and crotonic acid.

	
[305]




	
Biological

	
Enzymatic degradation

	
PHB and PHBV

	
Range of microorganisms.

	
[306]




	
Anaerobic sludge and aerobic seawater conditions

	
Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (poly(3HB-co-3HHx))

	
Under anaerobic condition dominant bacteria Cloacamonales and Thermotogales, 77.1 ± 6.1% of the carbon converted to gas, methane yield (p ≤ 0.05), 483.8 ± 35.2 mL·g−1 volatile solid (VS).

Under aerobic seawater condition dominant bacteria Clostridiales, Gemmatales, Phycisphaerales, and Chlamydiales, 83% polymer weight loss in about 6 months’ time.

	
[307]




	
Marine environment

	
PHAs

	
Mean rate of biodegradation was 0.04–0.09 mg·day−1·cm−2 (p = 0.05), the measurement was calculated in terms of respirometric methods and mass loss experiments.

	
[308]




	
Laboratory compost condition, pH 7.5, at 37 °C for 8 weeks, with cultures of Pseudomonas chlororaphis B-561 and Streptomyces sp. BV315

	
mcl-PHA films

	
Moderate weight loss of maximum 13.1% observed in case of mcl-PHA compost with Streptomyces sp. BV315.

	
[309]




	
Biodegradation in static composting pile at industrial condition

	
PHB/PLA blend films

	
Reduction in molecular weight by 47.6% in 70 days.

	
[310]




	
Under controlled composting conditions according to ISO 14855-1

	
PHBV and PHB

	
As per ISO 14855-1 standard, a range of 79.7–90.5% biodegradation.

	
[311]
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