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Abstract 

 

Background and Objective: In 2014, the first issue of Applied Food Biotechnology was 

launched. In 2024, the journal celebrates its tenth anniversary. As an editorial board member 

of the journal, I take the opportunity to appreciate this jubilee by reflecting articles published 

in this journal at the intersection of the food chain and biotechnological production of 

polyhydroxyalkanoates biopolyesters, which are sustainable and intrinsically natural 

alternatives to conventional plastics. Polyhydroxyalkanoates are biodegradable polymers 

produced via microbial cultivation, predominantly resorting to heterotrophic substrates. As an 

increasing trend, polyhydroxyalkanoates are produced from various food and agro-industrial 

byproducts, which can be upgraded to raw biotechnological materials. 

Results and Conclusion: The present publication addressed the multifaceted role of food 

chain as a source of raw materials (carbon feedstocks) for polyhydroxyalkanoates production, 

a provider of organic filler materials to enhance characteristics of polyhydroxyalkanoates and 

a target for the use of these biopolyesters in food packaging. Based on previous contributions 

to Applied Food Biotechnology, the manuscript assesses environmental and economic 

implications of integrating polyhydroxyalkanoates production within the food chain, 

highlighting the potential to decrease food-industrial wastes, carbon footprints and 

coproduction of polyhydroxyalkanoates and additional valued bioproducts. This includes 

challenges associated to scaling up polyhydroxyalkanoates production such as feedstock 

availability, production costs and market acceptance. By analyzing current advancements and 

case studies previously published in Applied Food Biotechnology, this editorial paper provides 

insights into how polyhydroxyalkanoates biopolyesters could effectively be integrated into 

existing food supply chains, potentially transforming waste streams into value-added 

bioproducts. Presented publications suggested that if appropriate technological and policy 

supports provided, polyhydroxyalkanoates could play a critical role in enhancing 

sustainability of the plastics industry and global food safety. 
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1. Introduction 

Microbial polyhydroxyalkanoate polyesters (PHA) are 

interesting biomaterials due to their intrinsically natural 

characteristics [1]. Their production is embedded into the 

patterns of circular economy and matches targets of the 

UN Sustainable Development Goals [2] and Principles of 

Green Chemistry [3]. Although PHA is still 

underrepresented in the biopolymer market for quantity, it 

is currently experiencing “a new wave of industrialization” 

with a rapid increase in annual growth rates [4]. Being 

biobased (based on renewable resources), biosynthesized 

(produced in vivo by the intracellular biocatalytic toolbox 

of living organisms), biocompatible (no known threats of 

PHA to nature and its organisms) and biodegradable 

(complete disintegration into the original starting materials 

CO2 and water by the action of living organisms in diverse 

environments) makes PHAs the “future green materials of 

choice” when it comes to substituting end-of-pipe 

petroplastics in various fields of uses [5,6]. These uses 

predominately encompass single-use plastics such as 

packaging materials, drinking straws or cutlery. 

http://creativecommons.org/licenses/by-nc/4.0/
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Furthermore, high-end uses in various industries are 

addressed, including agriculture, aquaculture and 

biomedicine [4]. At a first glance, it might not be trivial for 

non-experts to figure out how PHA biopolyesters and the 

food chain could be interrelated. How are “bioplastics” 

linked to human nutrition and hence to foods and feeds? 

Why are these materials interested by a scientific journal 

such as Applied Food Biotechnology? In fact, there are 

several connections between these areas as follows: 

a) First, the biobased nature of PHA biopolyesters needs 

appropriate carbon sources for their production [1]. It was 

established for decades to carry out heterotrophic PHA 

production based on such carbon sources, which play roles 

in food and feed productions. Carbohydrates such as 

starch, sucrose and edible oils are typically served as 

feedstocks for PHA production; thus, conflicting with food 

safety and consuming land areas. This, of course, provokes 

ethical conflicts such as the “plate versus plastic” 

controversy. It was not before the late 1990s and early 

2000s, when a paradigm shift in the scientific community 

occurred. Researchers started to replace such nutritionally 

important materials with the second generation feedstocks 

and hence organic wastes and surplus materials [7–9]. The 

first important connection between the PHA and food 

chain becomes visible. Agroindustry and the food 

processing industry generate numerous organic side 

products that can be used as feedstocks for 

biotechnological purposes such as PHA production instead 

of being disposed. This can occur either directly or after 

converting these typically complex materials to accessible 

carbon sources via appropriate upstream processing 

strategies. Moreover, optimization strategies to adapt the 

cultivation media to such novel feedstocks is necessary 

[10]. Prime examples include use of waste cooking and 

frying oils [11,12], surplus whey from dairy industries 

[13], molasses and other sugar and candy industrial waste 

streams [14–16], bakery wastes [17], wastes from rice 

production [18], fruit wastes [19,20], oils extracted from 

and hydrolysates of spent coffee grounds [21–23], crude 

glycerol from biodiesel production based on waste cooking 

oil or slaughtering wastes [24] or low-quality biodiesel 

fractions originating from animal processing [25]. 

Personally, the author of this article worked for several 

years on this topic. As a PhD student, the author was 

engaged in the EU-FP5 project WHEYPOL (2001–2004), 

where lactose-rich waste streams from dairy industries 

were used for PHA production 

(https://online.tugraz.at/tug_online/pl/ui/$ctx/fdb_detail.an

sicht?cvfanr=F12277&cvorgnr=37&v_proces=8&sprache=

2). Later, the author coordinated the EU-FP7 project 

ANIMPOL (2010–2012), which studied the 

biotechnological conversion of carbon-containing waste 

streams from the animal processing industries for eco-

efficient production of high added PHA biopolyesters 

(https://cordis.europa.eu/project/id/245084/results). 

b) Food packaging, which serves for storage, 

transportation and commercialization of foods, needing 

appropriate packaging materials. Food packaging is 

typically based on petrochemical plastics due to their 

inherent benefits such as low density, transparency and 

high barrier against oxygen, water vapor, CO2 and UV. 

Moreover, the customers expect that such packaging 

materials act as barriers for essential food flavors. In food 

packaging uses, high oxygen and water vapor barriers (gas 

barriers) are the most important prerequisite for preserving 

quality of the products throughout their entire life cycle. 

Quantities of oxygen and CO2, gas atmosphere in the 

packaging and respiration rates (gas mass transfer) of the 

packaging must be addressed to optimally preserve the 

packaged foods. Variations in color, taste and smell, 

oxidation of lipids, formation of microorganisms and 

damages to nutrients need to be avoided [26]. 

Packaging, especially in the food sector, should not only 

be biological such as bio-based and biodegradable 

(compostable), but should include a similar or improved 

performance to established packaging materials. Based on 

petrochemical established plastics, these are expected to 

outperform established packaging materials [27]. To meet 

these requirements, the packaging industry often uses 

expensive multilayer co-extruded or laminated plastic 

films to combine the respective techno-functional 

characteristics of various polymers [28]. This means that 

food packaging is often high technology. Established 

polymer films used for food packaging frequently consist 

of ethylene vinyl alcohol (EVOH) copolymers as one layer 

to create a sufficient oxygen barrier (important to avoid 

aerobic perishing of foods). However, such polymers used 

for these uses are petroleum-based (not biobased) and their 

combination with other polymers in various layers 

damages recyclability since monomaterials (e.g., EVOH) 

with high purity are needed for reprocessing (recycling) 

[29]. As an emerging trend, we witness an increasing 

number of studies substituting petrochemical food 

packaging such as EVOH by natural alternatives. A prime 

example includes whey protein-based films for food 

packaging. Whey retentate protein coating can extend the 

shelf life of foods due to its high barrier characteristics 

against gases such as oxygen [30]. Future developments 

should focus on use of packaging carrier layers made of 

PHA (biotechnologically produced from whey permeate, a 

surplus product of foods, dairies and industries), which 

includes poorer gas barrier characteristics but is water-

repellent (PHA is hydrophobic) and another layer of whey 

protein film (high gas barrier, but more hydrophilic than 

PHA) on top. Moreover, it should be studied if another 

sealing layer of PHA adds further benefits to such novel 

http://creativecommons.org/licenses/by-nc/4.0/
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food packaging materials. Thus, a surplus material of food 

production, whey, serves as a food packaging material. 

Combining PHA films with filler materials of agro-

industrial origin to design smart and functional food 

packaging materials is a novel idea. This was exemplified 

by Kovalcik and colleagues, who combined the microbial 

biopolyester PHA poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) [poly(3HB-co-3HV)] with lignin, an 

agricultural surplus product from corn, rice or cane sugar 

production via thermoforming to develop novel composite 

materials for packaging purposes. After assessing 

compatibility of the two raw materials, deep-drawn 

(thermoformed) composite specimens were assessed for 

effects of the lignin fraction (0–10 wt%) on melting and 

crystallization behaviors, thermo-oxidative stability and 

mechanical and viscoelastic (how elastic or crystalline is 

the material) characteristics and to assess their 

permeability or barrier for oxygen and CO2. The 

incorporated lignin was highly compatible with the bulk 

materials used (microbial PHA) and acted as an active 

additive through reinforcing effects (better tensile strength; 

improvement of viscoelastic characteristics). As intended, 

gas permeability decreased by combining PHA with 1 wt% 

lignin. Moreover, permeability decreased by 77% for 

oxygen and by 91% for CO2, compared to native PHA 

biopolyester samples. In addition, the low thermo-

oxidation stability, a typical characteristic of pure PHA, 

increased for the lignin-containing materials. The first 

report on thermoformed composite materials of microbial 

poly(3HB-co-3HV) and lignin introduced a new class of 

bio-based polymer materials that could further be used for 

the packaging of various perishable goods [31]. The 

subsequent section summarizes previous contributions to 

Applied Food Biotechnology, which draw a holistic picture 

of the interrelations between PHA biopolyesters and the 

food chain. 

2. Individual Contributions 

2.1. Contribution 1. Poly(hydroxyalkanoates) for Food 

Packaging: Uses and Attempts towards Implementation 

This review article, published as the first one in the 

journal first issue, summarized the facts making PHA 

biopolyesters promising materials able to compete with 

petrochemical plastics in the food packaging sector. The 

article addressed shortcomings in specific aspects of PHA 

material performance and highlighted economic factors of 

their biosynthesis and purification as existing hurdles on 

the way towards the market penetration of PHA for food 

packaging. The review discussed advantages and 

drawbacks of PHAs as food packaging materials and 

provided examples on how PHA material characteristics 

could be upgraded by developing novel composite 

materials. This included use of nanoparticles of diverse 

origins to create novel nanocomposites with tailored gas 

permeation behaviors [32]. 

 

2.2. Contribution 2. Principles of Glycerol-based 

Polyhydroxyalkanoate Production 

Glycerol-based PHA production and challenges of using 

crude glycerol as a feedstock in biotechnology were 

addressed in this review article, which shed light on the 

metabolic background of PHA production using glycerol 

as a carbon source. Particularities of glycerol-based PHA 

biosynthesis were discussed as well. This included effects 

of inhibitors present in crude glycerol stemming from the 

biodiesel production process, calling for purification steps 

of the raw materials. Moreover, biosynthesis of PHA with 

typically low-molecular mass when using glycerol as 

carbon source and resulting effects of such low-molecular 

mass on polymer processing and characteristics were 

discussed [33]. 

 

2.3. Contribution 3. Potential of Diverse Prokaryotic 

Organisms for Glycerol-based Polyhydroxyalkanoate 

Production 

As previously stated, glycerol is a major product of 

biodiesel production, which in turn is based on waste 

materials of gastronomy, namely waste cooking oil, or on 

waste lipids from rendering and slaughtering industries. 

The contribution collected available studies describing the 

performance of various bacterial and haloarchaeal wild-

type species, mixed microbial cultures and presented 

studies on the use of genetically engineered organisms as 

production strains for glycerol-based PHA biosynthesis. 

Therefore, this article dived deeply into microbiology. 

Kinetic data for microbial growth and PHA accumulation, 

thermo-mechanical characteristics of recovered glycerol-

based PHA samples and mathematical models established 

by various research teams to describe glycerol-based PHA 

production were included in this review article, providing 

an overview of the state of knowledge at that time also 

providing an outlook to expected developments [34]. 

 

2.4. Contribution 4. Optimal Medium Composition to 

Enhance Poly-β-hydroxybutyrate Production by 

Ralstonia eutropha Using Cane Molasses as Sole 

Carbon Source 

Bozorg and colleagues studied growth and poly(3-

hydroxybutyrate) [P(3HB)] biosynthesis using Cupriavidus 

necator, previously classified as Ralstonia eutropha, on 

various inexpensive, abundant carbon sources. Carbon 

sources were originated from food and feed industries and 

included sugar cane molasses, beet molasses, soya bean 

waste and corn steep liquor. Authors used batch cultivation 

setups for their experiments. Using sugar cane molasses 

http://creativecommons.org/licenses/by-nc/4.0/
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resulted in production of 0.49 g∙l-1 P(3HB), which made 

this surplus material the most efficient carbon source 

within all the assessed materials for the production strain. 

To improve biomass growth and P(3HB) biosynthesis, 

cane molasses was pretreated variously. Using sulfuric 

acid to remove heavy metals and suspended impurities 

resulted in enhancements in P(3HB) production of 33%. 

Additionally, urea and corn steep liquor were used as 

sources of nitrogen, minerals and vitamins. Composition of 

the molasses-based cultivation media was optimized using 

response surface methodology and 2n-factorial central 

composite design, resulting in maximum biomass and 

P(3HB) concentration of 5.03 and 1.63 g∙l-1, respectively 

[35]. 

 

2.5. Contribution 5. Study on the Effects of Levulinic 

Acid on Whey-based Biosynthesis of Poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) by 

Hydrogenophaga pseudoflava 

This experimental study described production of PHA 

copolyesters consisting of 3-hydroxybutyrate (3HB) and 3-

hydroxyvalerate (3HV) monomers and hence P(3HB-co-

3HV). For the first time, bacterial strain of 

Hydrogenophaga pseudoflava was used for P(3HB-co-

3HV) production based on a novel substrate/co-substrate 

combination. While whey permeate from dairy industry 

was used as the major carbon source for biosynthesis of 

catalytically active biomass and 3HB, levulinic acid, 

originating from the chemical conversion of lignocellulosic 

feedstocks of agricultural origin, was used as a precursor 

compound structurally linked to 3HV, allowing for PHA 

copolyester production. This strategy aimed at increased 

cost efficiency in P(3HB-co-3HV) production, together 

with enhanced material quality of P(3HB-co-3HV), 

compared to highly crystalline P(3HB) homopolyester. It 

was shown that during nutritionally balanced growth of H. 

pseudoflava, levulinic acid drastically inhibited microbial 

growth at rather low concentrations of 0.2 g∙l-1; the growth 

inhibition constant Ki was assessed as 0.032. This 

suggested that this compound needed a careful supply at a 

low dosage during the first cultivation phase. Under 

nitrogen-limited cultivation conditions, strain inhibition by 

levulinic acid was less significant. The P(3HB-co-3HV) 

concentrations and volumetric productivities up to 4.2 g∙l-1 

and 0.06 g∙l-1 h-1, respectively, were reached in dependence 

on levulinic acid supply. Moreover, P(3HB-co-3HV) 

composition when feeding mixtures of various 

whey/levulinic acid ratios revealed 3HV fractions in the 

co-polyester of 0–0.6 mol.mol-1. This study provided a 

proof-of-concept for the feasibility of combined uses of 

various waste and surplus materials from food and agro-

industry for the generation of PHA biopolyesters with 

enhanced material characteristics [36]. 

 

2.6. Contribution 6. Waste Streams of the Animal-

processing Industry as Feedstocks to Produce 

Polyhydroxyalkanoate Biopolyesters 

The European animal processing industry, which includes 

slaughterhouses, rendering industry and sausage and ham 

productions, produces enormous quantities of organic side 

streams, which contain nearly 500,000 t of lipids in 

addition to substantial quantities of offal materials plus 

meats and bone meals. Value-adding strategies to use and 

upgrade these waste materials are needed, for example, for 

PHA production. The review article collected previous and 

current studies using these animal-based waste streams for 

PHA production, selected microbial production strains, 

diverse upstream processing techniques to generate 

accessible carbon sources from the raw materials, kinetics 

for growth and product formation, characterization of the 

produced PHA biopolyesters, environmental process 

analysis and economic feasibility of the new processes. 

Compared case studies provided evidence that use of 

animal processing wastes as inexpensive feedstocks for 

PHA production could definitely become economically 

viable, provided the use of optimized production strains, 

optimized cultivation regimes, short transportation 

distances for the raw materials and clear plans for use and 

commercialization of the produced biopolyesters [37]. 

Special issue 

In 2019, increasing studies and development activities on 

PHA biopolyesters with context to the food chain provided 

reasons to launch a special issue of the journal, dedicated 

to the topic “Linking Food Industry to “Green Plastics” – 

Polyhydroxyalkanoate (PHA) Biopolyesters from Agro-

industrial Byproducts for Securing Food Safety” [Applied 

Food Biotechnology 6(2), 2019], which was introduced by 

a key editorial article [38]. Indeed, the special issue 

motivated a total of eight various authorships worldwide to 

contribute their recent scientific results on the topic. The 

individual contributions are present in the following 

paragraphs. 

 

2.7. Contribution 7. The Potential of 

Polyhydroxyalkanoate Production from Food Wastes 

Brigham and Riedel provided a comprehensive review on 

the use of underused food wastes of various origin for 

PHA production. Background of this article included an 

enormous quantity of more than 1 billion tons of foods 

wasted year by year, which was not consumed by humans 

or animals and needed disposal, mostly by dumping in 

landfills or composting. Therefore, authors addressed an 

attractive idea of using such organic wastes as carbon 

http://creativecommons.org/licenses/by-nc/4.0/
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sources for cultivation of value-added products, such as 

PHA biopolyesters. The review showed that wild type and 

engineered microbial strains could be used to efficiently 

convert food-derived waste streams to PHA. Generated 

PHA biopolyesters, depending on the monomeric 

composition, could have various thermal and mechanical 

characteristics, which in turn were useful for various 

technical uses. Importantly, as the take-home-message of 

the article, PHA production facilities needed establishment 

closely to sites where food waste accumulate, such as next 

to large landfills and food processing factories to save 

transportation costs [39]. 

 

2.8. Contribution 8. The Potential Application of 

Cupriavidus necator as Polyhydroxyalkanoates 

Producer and Single Cell Protein: A Review on 

Scientific, Cultural and Religious Perspectives 

Chee et al. addressed the fact that conversion of 

byproducts from the food and agricultural industries 

provided an attractive strategy to minimize and upgrade 

wastes. In the article, they combined use of the C. necator 

strain as cell factory for PHA production and, based on its 

chemical composition, as a nutritional food or feed source. 

It was known for a long time that C. necator, owing to its 

high protein content, could be used as a source of single 

cell protein (SCP) for animal feed. When fed with PHA-

rich C. necator biomass, larvae of the mealworm beetle 

(Tenebrio molitor) were shown to efficiently digest the 

non-PHA C. necator part of biomass as a source of protein, 

while excreting PHA granules in a highly pure form and 

thus providing an intrinsically biologically methods for 

PHA recovery. This review focused on the nutritional 

value of C. necator as a SCP source and associated safety 

aspects when used as animal feed. The novel combination 

of using byproducts from the agriculture and food 

industries as carbon feedstocks to produce SCP and PHA 

biopolyesters with the follow-up use of the SCP to 

cultivate T. molitor larvae was discussed with the public 

acceptance of using SCP and T. molitor biomass as food 

sources for human nutrition, depending on the global 

regions and cultural conditions [40]. 

 

2.9. Contribution 9. Biocomposites Based on 

Polyhydroxyalkanoates and Natural Fibers from 

Renewable Byproducts 

Cinelli and colleagues used PHA biopolyesters and 

natural fibers as fillers for the generation of biobased 

composites. This approach attracted attentions from 

various end users from the packaging sector to producers 

of automotive components. In their article, authors 

produced biobased composites using compostable PHA 

biopolyesters plus natural fibers or fillers derived by wood 

industry and food wastes, namely legumes byproducts. 

P(3HB-co-3HV) copolyesters were processed with 

biobased and biodegradable plasticizers such as acetyl 

tributyl citrate and calcium carbonate as inorganic fillers. 

Variable quantities of natural fibers were added to the 

polymeric matrix for the production of composites. These 

green biocomposites were produced through melt extrusion 

and injection molding. Characterization of the novel 

composites was accomplished via thermal, rheological, 

mechanical and morphological studies. It was shown that 

characteristics of the generated biocomposites were fit with 

the requirements for the production of rigid food 

packaging materials, as well as other single use plastic 

items. Thus, the proof-of-concept for a new way of 

valorization of food residues was provided [41]. 

 

2.10. Contribution 10. Bacterial Production of PHAs 

from Lipid-rich Byproducts 

Favaro and colleagues assessed potential of various lipid-

rich side streams as biotechnological substrates such as 

crude glycerol from biodiesel manufacturing, low-quality 

biodiesel achieved from fatty waste streams of animal 

origin and inexpensive bacon rind, udder and tallow from 

slaughterhouses. Several new microbial isolates and PHA-

producing microbes from strain collections were screened 

for their lipolytic activities needed to convert lipid-rich 

substrates and their capability for PHA production. In the 

context of isolation of new strains, interesting microbial 

species were isolated from soil. These strains were superior 

to strains isolated from further specific and selective 

sampling sites such as slaughterhouses. Significantly, two 

PHA production strains from the collections, C. necator 

DSM 545 and Pseudomonas oleovorans DSM 1045, were 

definitely promising. They were able to grow directly on 

all the lipid-rich substrates and produced various quantities 

of PHA biopolyesters, P(3HB) homopolyester and P(3HB-

co-3HV) copolyesters [42]. 

 

2.11. Contribution 11. Paracoccus sp. Strain LL1 as a 

Single Cell Factory for the Conversion of Waste 

Cooking Oil to Polyhydroxyalkanoates and 

Carotenoids 

Kumar and Kim addressed the fact that co-generation of 

other value-added bioproducts in addition to PHA by a 

similar microbial production strain during a similar 

cultivation cycle could help decrease the overall PHA 

production costs by up to 50%. For the first time, it was 

shown that PHA and carotenoids (especially astaxanthin 

that is important for aquaculture, especially farming of 

salmons and trout) could be produced in parallel by the 

halophilic Gram-negative strain of Paracoccus sp. LL1 

using waste cooking oil as a food waste-derived carbon 

source. Paracoccus sp. LL1 was grown through batch 

http://creativecommons.org/licenses/by-nc/4.0/
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cultivation mode in a defined mineral medium containing 1 

vol% waste cooking oil. Various surfactants were used as 

emulsifiers to facilitate substrate utilization by the cells. 

Recovered PHA was characterized by fluorescent 

microscopy imaging, Fourier transform infra-red 

spectroscopy (FT-IR) and gas chromatography (GC). Used 

as a carbon source, waste cooking oil led to 1.0 g∙l-1 

P(3HB-co-3HV) copolyester production with biosynthesis 

of 0.89 mg∙l-1 of carotenoids after a cultivation time of 96 

h. Cell dry mass increased 2.7-fold when 0.1 vol% Tween-

80 was used as emulsifier to enhance lipid distribution in 

the aqueous phase. It was shown for the first time that 

Paracoccus sp. LL1 constituted an auspicious candidate as 

a single cell factory for the bioconversion of inexpensive, 

food-related surplus materials into value-added 

bioproducts [43]. 

2.12. Contribution 12. Camelina Oil as a Promising 

Substrate for mcl-PHA Production in Pseudomonas sp. 

Cultures 

Bustamante and colleagues studied production of 

medium-chain-length polyhydroxyalkanoates (mcl-PHA), 

which constituted PHA biopolyesters with building blocks 

of more than five carbon atoms, in contrast to short-chain-

length PHA (scl-PHA) such as P(3HB) and P(3HB-co-

3HV). These mcl-PHA biopolyesters included intriguing 

material characteristics, making them interesting as elastic 

and sticky specialty biopolymers, which could be used for 

example as adhesives. Previously, mcl-PHA producers 

from the Pseudomonas genus revealed high substrate-to-

product conversion yields on lipids. Relatively, the lipid-

rich plant of Camelina sativa is a non-food crop that does 

not compete with human nutrition; however, its seeds 

contain nearly 43 wt% (w.w-1) oil in dry matter, nearly 

90% thereof are unsaturated fatty acids. In this study, 

camelina oil was first assessed as a substrate for the 

production of mcl-PHA by various strains of Pseudomonas 

spp. Moreover, PHA production was studied in a nitrogen-

limited media supplemented with crude or saponified 

camelina oil. Under phosphate-limited conditions, PHA 

production was optimized in fed-batch cultivation setups. 

Pseudomonas resinovorans DSM 21078, the most 

auspicious organisms, was used for direct conversion of 

camelina oil without prior saponification. On bioreactor 

scale, a mcl-PHA content of up to 40 wt% was achieved, 

which was in a similar range as the highest mcl-PHA 

production for this strain using edible plant oils, 

quantifying to 13.2 g∙l-1. To conclude, camelina oil was a 

viable carbon source for mcl-PHA production without the 

need of excessive upstream processing to pretreat the raw 

materials such as saponification or hydrolysis [44]. 

 

2.13. Contribution 13. Production of Medium-Chain 

Length Polyhydroxyalkanoates by Pseudomonas 

citronellolis Grown in Apple Pulp Waste 

Rebocho and colleagues provided an additional study on 

mcl-PHA production based on food-industrial byproducts. 

Apple pulp waste from the fruit processing industry, a 

sugar-rich waste material with high potential as a feedstock 

for the production of value-added bioproducts, was used as 

a carbon source. Moreover, Pseudomonas citronellolis 

NRRL B-2504 was used as production strain for 

biosynthesis of natural mcl-PHA elastomers, which 

included characteristics of “biolatex”. Technically, solid 

apple-pulp waste fraction was removed, while the soluble 

fraction rich in fructose (17.7 g∙l-1), glucose (7.5 g∙l-1) and 

sucrose (1.2 g∙l-1) was used in laboratory-scale bioreactor 

cultivation of the strain P. citronellolis NRRL B-2504 in 

batch mode. The strain reached a mcl-PHA fraction in dry 

biomass of 30 wt% and a volumetric productivity for mcl-

PHA of 0.025 g.l-1 h-1. Product (mcl-PHA) predominantly 

consisted of 3-hydroxydecanoate (3HD; 68% mol) and 3-

hydroxyoctanoate (3HO; 22% mol) with low contents of 3-

hydroxydodecanoate (3HDD; 5% mol), 3-

hydroxytetradecanoate (3HTD; 4% mol) and 3-

hydroxyhexanoate (3HHx; 1% mol). The molecular mass 

was reported as 3.7 × 105 Da. Furthermore, DSC 

assessment revealed a glass transition (Tg) and melting 

temperature(Tm) of -12 and 53 °C, respectively, as typical 

values for mcl-PHA, and an onset of thermal degradation 

temperature (Td) of 296 °C. The Mcl-PHA films were 

prepared via a solvent-casting technique. These were 

translucid, colorless, flexible, dense, ductile and permeable 

to O2 and CO2. Moreover, mechanical characteristics of the 

films (tensile strength and elongation at break) and the 

water contact angle were assessed in this study. 

Mechanical characteristics were in a similar range for other 

mcl-PHA samples previously assessed while the water 

contact angle, a measure for surface hydrophobicity and 

surface constitution, was similar to values reported for 

natural rubbers. To conclude, apple pulp waste seemed an 

appropriate carbon source for mcl-PHA production and 

produced mcl-PHA samples demonstrated characteristics 

that made them promising alternatives to polymers from 

petrochemistry [45]. 

 

2.14. Contribution 14. Interconnection of Waste 

Chicken Feather Biodegradation and Keratinase and 

mcl-PHA Production Using Pseudomonas putida 

KT2440 

Pernicova and colleagues upgraded a definitely 

underinvestigated waste raw material to a biotechnological 

substrate. Waste chicken feathers, deriving from poultry 

processing industry is annually produced at high quantities 

http://creativecommons.org/licenses/by-nc/4.0/
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in numerous countries and these enormous quantities 

deserve innovative disposal strategies. Authors of the study 

used Pseudomonas putida KT2440 (DSM 6125), a 

microorganism capable of converting chicken feathers as 

its sole carbon substrate, for biodegradation of feathers. 

This was possible due to hydrolytic enzyme of keratinase 

excreted by the strain. Keratinase can conveniently be 

isolated after biodegradation of feathers and represents a 

significant byproduct of the presented technology. In 

addition, microbial culture of P. putida KT2440 is capable 

of mcl-PHA biosynthesis. Briefly, P. putida KT2440 was 

cultured for 7 d in presence of waste chicken feathers as 

the sole carbon source. During the cultivation process, 

activity of keratinase and bacterial growth were monitored. 

After the cultivation, biocatalytically active microbial 

biomass generated during feather degradation was 

recovered via filtration and then used for mcl-PHA 

production. Waste cooking oil, the second food-derived 

waste material used in the study, was referred as a sole 

carbon source. During the biodegradation of waste chicken 

feathers, bacterial cells did not produce significant 

quantities of mcl-PHA. After feather biodegradation when 

active bacterial cells were transferred into a nitrogen-

deprived defined mineral medium containing waste 

cooking oil, a high mcl-PHA content of 61% of the 

bacterial cell dry mass was achieved. The accumulated 

mcl-PHA consisted of 3HHx (27.2 mol%) and 3HO (72.8 

mol%) monomeric building blocks. This study 

demonstrated for the very first time possible connection of 

using waste chicken feathers with bioproduction of 

keratinase, an industrially important enzyme and mcl-PHA 

elastomers based on waste cooking oil, a food-industrial 

surplus product [46]. 

 

Articles published after the special issue 

 

2.15. Contribution 15. Assessing Feasibility of Poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) Co-biopolymer 

Production from Rice Wastewater by Azohydromonas 

lata 

Amini et al. used starchy rice wastewater for the 

production of PHA by the bacterial strain of 

Azohydromonas lata DSM 1123 in batch cultivation 

setups. Rice wastewater is known for its high biochemical 

and chemical oxygen demands and organic loads, majorly 

in form of starch. This causes serious environmental 

concerns. In this study, it was shown that rice wastewater 

could potentially be used as a low-cost substrate for PHA 

biopolyester production. First, Aspergillus niger fungus 

was used to hydrolyze starch dissolved in rice wastewater 

to fermentable soluble sugars (glucose and maltose). 

Second, A. lata was cultured in wastewater containing 

hydrolyzed starch at various C:N:P ratios to study PHA 

biosynthesis. Third, effects of various nitrogen 

(ammonium sulphate, ammonium nitrate, ammonium 

chloride and urea) and carbon sources (hydrolyzed rice 

wastewater, wastewater plus acetate and wastewater plus 

butyrate) on PHA biosynthesis were assessed at a fixed 

C:N:P ratio of 100:4:1. This study showed that A. lata was 

able to accumulate PHA from starchy rice wastewater in 

presence of simple carbon sources under limited nutrient 

conditions, especially phosphate. The highest PHA fraction 

in biomass was achieved when ammonium sulphate was 

used as a nitrogen source. The highest recorded cell dry 

mass and PHA concentration were respectively reported as 

4.64 and 2.8 g∙l-1 at a PHA content in biomass of 60 wt%. 

Results indicated that phosphate and nitrogen limitations 

significantly affected PHA biosynthesis and rice 

wastewater constituted a potential alternative carbon 

source for PHA production [47]. 
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Title Article 

type 

Food-derived material 

used 

Purpose of using 

the material 

Production 

strain(s) used 

Type of PHA 

produced / used 

Ref. 

Poly(hydroxyalkanoates) for 

Food Packaging: Application 

and Attempts towards 

Implementation 

Review 

article 

- Food packaging - P(3HB); 

P(3HB-co-

3HV) 

[33] 

       

Principles of Glycerol-Based 

Polyhydroxyalkanoate 

Production 

Review 

article 

Crude glycerol from 

waste cooking oil 

Feedstock for 

PHA biosynthesis 

Bacteria and 

haloarchaea 

P(3HB); 

P(3HB-co-

3HV) 

[34] 

       

Potential of Diverse 

Prokaryotic Organisms for 

Glycerol-based 

Polyhydroxyalkanoate 

Production 

Review 

article 

Crude glycerol from 

waste cooking oil with 

and without precursor 

feeding 

Feedstock for 

PHA biosynthesis 

Diverse bacteria 

(wild type and 

engineered); and 

archaea 

P(3HB); 

P(3HB-co-

3HV); P(3HB-

co-3HV-co-

4HB); P(3HP) 

[35] 

       

Optimal medium composition 

to enhance Poly-β-

hydroxybutyrate production 

by Ralstonia eutropha using 

cane molasses as sole carbon 

source 

Original 

article 

Sugar cane molasses, 

beet molasses, soya 

bean and corn steep 

liquor 

Feedstock for 

PHA biosynthesis 

Cupriavidus 

nector 

(“Ralstonia 

eutropha 

PTCC1615”) 

P(3HB) [36] 

       

Study on the effect of 

levulinic acid on whey-based 

biosynthesis of poly(3-

hydroxybutyrate-co-3-

hydroxyvalerate) by 

Hydrogenophaga pseudoflava 

Original 

article 

Whey permeate from 

dairy industry plus 

levulinic acid 

Feedstock for 

PHA biosynthesis 

Hydrogenophaga 

pseudoflava 

DSM 1034 

P(3HB-co-

3HV) 

[37] 

       

Waste Streams of the 

Animal-Processing Industry 

as Feedstocks to Produce 

Polyhydroxyalkanoate 

Biopolyesters 

Review 

article 

Animal processing 

waste streams: 

Saturated fatty acid 

esters, crude glycerol 

phase, hydrolyzed 

meat-and-bone meal; 

waste triacylglycerides 

Feedstock for 

PHA biosynthesis 

Pseudomonas 

citronellolis 

DSM 50332; 

Pseudomonas 

chlororaphis 

DSM 50083; 

Cupriavidus 

necator DSM 

545; Haloferax 

mediterranei 

DSM 1411; 

Cupriavidus 

necator DSM 

428; Cupriavidus 

necator 

Re2058/pCB113 

P(3HB); 

P(3HB-co-

3HV); P(3HB-

co-3HV-co-

4HB); P(3HB-

co-3HHx); mcl-

PHA 

[38] 
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Title Article 

type 

Food-derived material 

used 

Purpose of using 

the material 

Production 

strain(s) used 

Type of PHA 

produced / used 

Ref. 

The Potential of 

Polyhydroxyalkanoate 

Production from Food Wastes 

Review 

article 

Homogenous and 

inhomogeneous food-

derived waste streams 

Feedstock for 

PHA biosynthesis 

Diverse (pure 

cultures and 

mixed cultures) 

P(3HB); 

P(3HB-co-

3HV); P(3HB-

co-3HHx); mcl-

PHA 

[39] 

       

The Potential Application of 

Cupriavidus necator as 

Polyhydroxyalkanoates 

Producer and Single Cell 

Protein: A Review on 

Scientific, Cultural and 

Religious Perspectives 

Review 

article 

Diverse waste streams Feedstock for 

PHA biosynthesis; 

use of Cupriavidus 

necator for single 

cell protein 

production; use of 

Cupriavidus 

necator for 

farming Tenebrio 

molitor larvae 

Cupriavidus 

necator 

P(3HB) [41] 

       

Biocomposites Based on 

Polyhydroxyalkanoates and 

Natural Fibres from 

Renewable Byproducts 

Original 

article 

Natural fibers and 

fillers derived by wood 

industry and by food 

waste (legumes by-

products) 

Production of 

PHA-based 

biocompsites 

- P(3HB-co-

3HV) 

[42] 

       

Bacterial Production of PHAs 

from Lipid-Rich by-Products 

Original 

article 

Lipid-rich side streams 

8 crude glycerol from 

biodiesel 

manufacturing, low-

quality biodiesel 

achieved from fatty 

waste streams of 

animal origin and 

inexpensive bacon 

rind, udder and tallow 

from slaughterhouses) 

Feedstock for 

PHA biosynthesis 

C. necator DSM 

545; 

Pseudomonas 

oleovorans DSM 

1045; own 

isolates 

P(3HB); 

P(3HB-co-

3HV) 

[43] 

       

Paracoccus sp. Strain LL1 as 

a Single Cell Factory for the 

Conversion of Waste 

Cooking Oil to 

Polyhydroxyalkanoates and 

Carotenoids 

Original 

article 

Waste cooking oil Feedstock for 

PHA and pigments 

biosynthesis 

Paracoccus sp. 

Strain LL1 

P(3HB); 

P(3HB-co-

3HV) 

[44] 

       

Camelina Oil as a Promising 

Substrate for mcl-PHA 

Production in Pseudomonas 

sp. Cultures 

Original 

article 

Camelina sativa oilB Feedstock for 

PHA biosynthesis 

Pseudomonas 

resinovorans 

DSM 21078; 

Pseudomonas 

putida KT2442; 

Pseudomonas 

oleovorans GPo1 

mcl-PHA [45] 
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Title Article 

type 

Food-derived material 

used 

Purpose of using 

the material 

Production 

strain(s) used 

Type of PHA 

produced / used 

Ref. 

Production of Medium-Chain 

Length 

Polyhydroxyalkanoates by 

Pseudomonas citronellolis 

Grown in Apple Pulp Waste 

Original 

article 

Apple pulp waste from 

fruit processing 

industry 

Feedstock for 

PHA biosynthesis 

Pseudomonas 

citronellolis 

NRRL B-2504 

mcl-PHA 

(P(3HD-co-

3HO-co-

3HDD-co-

3HTD-co-

3HHx) 

[46] 

       

Interconnection of Waste 

Chicken Feather 

Biodegradation and 

Keratinase and mcl-PHA 

Production Employing 

Pseudomonas putida KT2440 

Original 

article 

Chicken feathers to 

grow biomass, waste 

cooking oil for PHA 

accumulation 

Feedstock for 

PHA biosynthesis 

Pseudomonas 

putida KT2440 

mcl-PHA 

(P(3HO-co-

3HHx)) 

[47] 

       

Evaluating the Feasibility of 

Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) Co-

Biopolymer Production from 

Rice Wastewater by 

Azohydromonas lata 

Original 

article 

Starchy rice 

wastewater 

Feedstock for 

PHA biosynthesis 

Azohydromonas 

lata DSM 1123 

(starch 

hydrolysis in 

first step by 

Aspergillus 

niger) 

P(3HB); 

P(3HB-co-

3HV) 

[48] 

       

A Strategic Review on Use of 

Polyhydroxyalkanoates as an 

Immunostimulant in 

Aquaculture 

Review 

article 

- Immune-

modulatory and 

antimicrobial 

activity of PHA in 

aquaculture, 

increased stress 

resistance, 

increased survival 

rates, increased 

weight gain (fish, 

mussels, prawns, 

crabs, shrimps) 

- P(3HB) [49] 

 

2.16. Contribution 16. A Strategic Review on Use of 

Polyhydroxyalkanoates as an Immunostimulant in 

Aquaculture 

In this review article, Santosh and Umesh addressed the 

increasing concerns on the excessive use of antibiotics in 

aquaculture. As an alternative to established antibiotics, 

studies currently focus on the use of short chain fatty acids 

and other biocompatible molecules for prophylaxis and 

treatment of diseases affecting aquatic species. As rather 

new field of PHA biopolyesters use associated to food 

production, they demonstrated antimicrobial activity, 

contributing to the success of aquaculture. Until recent 

years, only a little attention was dedicated to the use of 

microbial PHA as antimicrobial compounds in aquaculture. 

However, studies of PHA co-fed with fish fodders in 

aquaculture have substantiated their auspicious roles as 

ecologically benign alternatives for commercially available 

established antibiotics with strong immunomodulatory 

effects in fish and crustacea. Further effects of PHA 

supplementation included higher survival rates for mussels 

and increased development rates and stress resistance for 

crabs. Data from these studies were provided in this review  

article. It was shown that this research field currently 

witnessed a dynamic development due to PHA promising 

immunomodulatory and antimicrobial activity against 

widespread pathogens in aquaculture. Despite the fact that 

a range of hypothesis and research data sets are available 

for explaining the mechanisms underlying the 

immunostimulatory effects of PHA biopolyesters, genetic 

and molecular bases of these phenomena still need in-

depth investigations [48]. 
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3. Conclusion 

It has been shown that biotechnologically produced PHA 

biopolyesters and food chain are strongly interrelated on 

several levels, including level of using organic wastes from 

food production and processing as biotechnological carbon 

source that provides a solution for waste disposal 

problems, level of PHA-based food packaging and level of 

enhancing material characteristics of PHA using food 

industry-derived additives and fillers. An additional level 

recently accrued as use of PHA as immunostimulants and 

novel antimicrobials in aquaculture. All these levels 

contribute to enhancement of security in food production, 

storage and commercialization. It is clear that several 

sectors are faced new challenges in future, including food 

and agroindustry (“Is waste really waste?”), waste disposal 

sector (separation of waste streams as cleanly as possible, 

preferably on site), packaging sector (development, design 

and market introduction of new materials) and recycling 

sector (adaptation to new materials with biodegradability). 

In general, PHA biopolyesters can be addressed as green 

materials of choice when upgrading food industry wastes 

and designing smart food packaging materials. The 

scientific community and the society uniformly can expect 

dynamic progresses in the further intertwining of these two 

fields, food and green plastics, which are entangled much 

closer than expected a priori. 
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 بازتاب- ییغذا یرهو زنج یکروبیآلکانوات م یدروکسیه یپلبیوپلیمرهای میکروبی  ینب یوندپ

  4142تا  4102از  کاربردی مواد غذایی زیست فناوریمشارکت در 
 

 مارتین کولر
 

 اتریشگراتس،  IV/82 ،2808انستیتو شیمی، دانشگاه گراتس، ناوی گراتس، هینریچ استراز 

 ریخچه مقالهتا 

 8884سپتامبر3دریافت 

 8884 اکتبر 88داوری 

 8884 نوامبر 0پذیرش

  چکیده 

رو، اکنون، در  ینشد، از ا منتشر فناوری کاربردی مواد غذاییزیستشماره  ین، اول8804در سال  سابقه و هدف:

مجله، از فرصت استفاده  یریهتحر یئتعنوان عضو ه. بهیردگ یسالگرد خود را جشن م ینمجله دهم ین، ا8884سال 

 یپل فناورانهزیست یدو تول ییغذا یرهزنج ارتباط بامجله در  یندر اکنم و با بازتاب مقالات منتشر شده یم

 یهستند، قدردان یمعمول یهایکپلاستبرای  یعیو ذاتاً طب یدارپا یهایگزینکه جا ،(PHAها )آلکانوات یدروکسیه

 یبسترها ازشوند و عمدتاً یم یدتول یکروبیکشت م یقهستند که از طر یریپذیبتخریستز یمرهایپل PHAکنم. 

و  یو کشاورز ییمختلف غذا یاز محصولات جانب یزن PHA یشی،روند افزا یکعنوان شوند. بهمی استفادههتروتروف 

 .یابدارتقا  فناورانهزیست اولیهتواند به مواد یشود که میم یدتول یصنعت

 یکربن( برا منبع) اولیهعنوان منبع مواد به ییغذا یرهزنج یحاضر به نقش چندوجه یهنشر گیری:و نتیجهها یافته

 یستیز استرهاییپل ینکاربرد ا هدفبا و  PHAخواص مواد  یشافزا یبرا یدهنده مواد پرکننده آل، ارائهPHA یدتول

مقاله  ینا فناوری کاربردی مواد غذایی،زیست یقبل هایبر اساس مشارکت پردازد.یی میمواد غذا یدر بسته بند

کاهش  یلپتانس کند،یم یرا بررس ییغذا یرهدر زنج PHA یدتولدر ارتباط با  یو اقتصاد محیطییستز یامدهایپ

را برجسته  افزودهبا ارزش  یستیو محصولات ز PHAمشترک  یدکربن، و تولی و کاهش ردپا ییغذا یعصنا یعاتضا

و  یدتول هایینههز یه،مواد اول ، مانند در دسترس بودنPHA یدتول یشمرتبط با افزا هایالشچ ین. همچنکندیم

فناوری زیست که قبلاً در یو مطالعات مورد یفعل هاییشرفتپ یلو تحل یه. با تجزگیردیبازار را در نظر م یرشپذ

 توانندیم PHA یستیز استرهاییپل نهچگو ینکهدر مورد ا ینشیسرمقاله ب اینمنتشر شده بود، کاربردی مواد غذایی 

 هاییانطور بالقوه جرو به کندیشوند، ارائه م کار گرفتهبهموجود  ییمواد غذا ینتام هاییرهجبه طور موثر در زن

 یهایتدهد که با حماینشان م مقالات منتشر شده. کندیم یلبا ارزش افزوده تبد یستیرا به محصولات ز ضایعات

 یمنیو ا یکصنعت پلاست یداریپا یشدر افزا یتوانند نقش مهمیها م PHAشده،  ارائهمناسب  یاستیو س یفن

 کنند. یفاغذا ا یجهان

 .ندارند مقاله این انتشار با مرتبط منافعی تعارض نوع هیچ که کنندمی اعلام نویسندگان تعارض منافع: 

 واژگان کلیدی

 یوپلیمرهاب  

 فناوری ¬یستز 

 ییمواد غذا بندی¬بسته  

 ییمواد غذا یعاتضا 

 یدروکسیه یپل 

 ها¬آلکانوات

  مازادمواد 
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