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A B S T R A C T

Polyhydroxyalkanoates (PHAs) are promising biodegradable alternatives to petroleum-based plastics, yet their 
large-scale application remains hindered by high production costs. Here, a direct and cost-effective microbial 
strategy to upcycle polyester waste into PHAs using Paracoccus denitrificans was investigated. Remarkably, the 
bacterium metabolized 10 out of 12 tested plastic-derived monomers and efficiently accumulated intracellular 
PHAs, even when fed with pretreated mixed polyester waste instead of purified substrates. More than 80 % of 
polyester monomers supported growth, and medium optimization through nitrogen reduction boosted PHA 
content up to 30 % of cell dry weight. This one-step process circumvents costly separation steps, enabling the 
valorization of heterogeneous plastic mixtures and significantly reducing both economic and processing burdens. 
By transforming post-consumer plastics into high-value biopolymers, this work positions P. denitrificans as a 
versatile platform for circular bioeconomy strategies, directly supporting global sustainability agendas and 
advancing sustainable bioprocessing for the green industry.

1. Introduction

Plastics are essential in modern consumer goods, yet the lack of 
biodegradability of conventional petroleum-derived polymers has led to 
severe environmental accumulation. Although aliphatic polyesters 
derived from succinic acid (SUC), lactic acid (LAC), adipic acid (ADI), or 
glycols have been developed as sustainable alternatives, their copoly
merization with aromatic monomers hampers biodegradation [1]. In 
natural environments, plastic breakdown is slow and dependent on 
environmental factors [2], while physical and chemical treatments 
accelerate degradation at the expense of high energy demands and 
secondary pollution [3]. Biological approaches such as composting or 
anaerobic digestion remain ineffective for most conventional plastics 
[4], highlighting the urgent need for innovative valorization strategies.

Polyhydroxyalkanoates (PHAs) are natural microbial polyesters that 

combine biodegradability and biocompatibility with mechanical prop
erties comparable to petrochemical plastics, enabling applications in 
packaging, agriculture, and medicine [5]. Their ability to undergo 
complete mineralization to CO2 and H2O under aerobic conditions, or to 
CH4 and CO2 under anaerobic methanogenic conditions, makes them 
attractive candidates for sustainable replacements [6,7]. Yet, PHA pro
duction remains costly, with carbon sources accounting for over half of 
total expenses [8]. Alternative bioprocesses have attempted to reduce 
costs through two-step conversions of organic waste into volatile fatty 
acids (VFAs) followed by PHA synthesis [7,9], closed-loop recycling [10, 
11], or upcycling hydrolyzed PHA-based plastics [12–15]. However, 
most of these studies targeted PHA-derived monomers and overlooked 
the complexity of mixed polyester streams.

Paracoccus denitrificans offers an attractive solution owing to its 
metabolic versatility. It can grow autotrophically on CO2 and thiosulfate 
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[16], as well as heterotrophically on a wide range of substrates, 
including C1 compounds, under aerobic and anoxic conditions [17]. 
Previous studies confirmed its ability to synthesize PHAs in diverse en
vironments [18,19]. This study aims to investigate a one-step microbial 
process in which P. denitrificans converts polyester-derived monomers 
and pretreated polyester wastes into PHAs. First, the growth and PHA 
accumulation of P. denitrificans were systematically evaluated using 
twelve monomers that constitute common polyester wastes as the sole 
carbon and energy sources. Second, PHA production under anoxic, 
nitrate-respiring conditions was examined using SUC as a reference 
substrate, selected for its direct integration into central carbon meta
bolism and its established use as a physiological benchmark. Finally, the 
ability of P. denitrificans to grow and accumulate PHAs on hydrolysates 
obtained from mechanically and chemically pretreated polyester-based 
plastics was assessed.

Results showed that 10 out of 12 tested monomers supported bac
terial growth and PHA accumulation, reaching up to 30 % of cell dry 
weight and producing copolymers 3-hydroxyvaleric acid (3HV). 
Although these yields are lower than those achieved with sugar- or oil- 
based substrates, the process provides a compelling proof-of-concept for 
valorizing post-consumer polyester waste. The novelty lies in demon
strating that a single microorganism can metabolize a broad spectrum of 
plastic-derived monomers under both aerobic and anoxic conditions, 
avoiding costly separation steps and advancing low-cost, circular bio
economy solutions. While further optimization is needed to enhance 
yields and volumetric productivity, this study establishes a foundation 
for developing sustainable microbial platforms for plastic bio-upcycling.

2. Materials and methods

2.1. Bacterial strain and growth conditions

P. denitrificans (Pd1222 RifR, [20]) was cultivated in batch cultures at 
37 ◦C with agitation at 200 rpm. Precultures were initiated by inocu
lating 20 µL of glycerol-frozen P. denitrificans stock cells into 20 mL of LB 
(Luria–Bertani) medium supplemented with rifampicin (50 μg⋅mL− 1). 
These precultures were incubated for 18 h. For each monomer tested, a 
specific secondary preculture was prepared by transferring 1 mL of the 
LB-grown culture into 50 mL of fresh mineral salts medium (MSM) [17]
supplemented with 3 g⋅L− 1 of the corresponding monomer as the sole 
carbon source (pH 7). Cultures were grown until an optical density (OD) 
at 600 nm (OD600) of approximately 1.5 was reached.

Final cultures were conducted in 2.2 L gas-tight glass bottles, each 
containing 200 mL of MSM with 3 g⋅L− 1 of the corresponding monomer 
(pH 7), inoculated with 5 mL of the secondary preculture. This corre
sponded to the following initial monomer concentrations: 25.4 mM SUC; 
26.7 mM LAC; 48.3 mM 1,2-ethanediol (EDO); 39.4 mM 1,3-propanediol 
(PDO); 33.3 mM 1,4-butanediol (BDO); 20.5 mM ADI; 22.7 mM 6- 
hydroxycaproic acid (CAP); 28.8 mM 3-hydroxybutyric acid (3HB); 
25.3 mM 3HV; 39.4 mM glycolic acid (GLY); 18.1 mM terephthalic acid 
(TER); and 13.9 mM 2,6-naphthalenedicarboxylic acid (NAP). All 
monomers were purchased from Sigma-Aldrich. Cultures were moni
tored until growth ceased, with measurements performed for biomass 
concentration, monomer consumption, and poly(3-hydroxybutyrate-co- 
3-hydroxyvalerate) (PHBV) production.

2.2. Growth determination

Growth of P. denitrificans was measured spectrophotometrically 
using a SPECTROstar Nano spectrophotometer (BMG Labtech). OD was 
measured at 600 nm. These OD readings were used as a reproducible, 
high-throughput method of growth phenotyping. Conversion of OD 
measurements to an estimated biomass concentration value used a dry 
weight measurement for P. denitrificans. For dry weight determination, 
three culture samples (2 mL) were washed twice with MilliQ water and 
dried for 5 days at 80 ºC. Conversion of OD to biomass is shown as 

follows: Biomass (g L− 1) = OD600 × 0.37 g L− 1.

2.3. Determination of monomer concentration

Samples for monomers quantification were collected from 2 mL 
culture aliquots after centrifugation of the aliquots at 14000 rpm for 
5 min (4 ºC) and filtering of the supernatant using Nylon syringe filters of 
0.22 µm. 1,2-ethanediol; 1,3-propanediol; 1,4-butanediol; adipic acid; 6- 
hydroxycaproic acid and glycolic acid samples were analyzed using an 
Agilent 7820 A GC (gas chromatography) coupled with a 5977E mass 
selective detector (MSD; Agilent technologies, Santa Clara, USA) 
equipped with a DB-wax column (30 m × 250 μm × 0.25 μm). The 
detector and injector temperatures were kept constant at 250 ◦C and the 
oven temperature was increased from 50 ◦C to 220 ◦C at 10 ◦C min− 1 and 
maintained at 220 ◦C for 2 min, before being increased again at 5 ◦C 
min− 1 until reaching 240 ◦C. SUC, LAC, 3HB and 3HV samples were 
analyzed using an Alliance Waters HPLC equipped with an Aminex HPX- 
87H column (7.8 mm × 300 mm). The mobile phase was H2SO4 
(25 mM), the column temperature was 75 ◦C and the eluent flow rate 
was 0.7 mL min− 1.

2.4. Determination of PHBV production

Quantitative determination of PHBV was carried out by adapting the 
method described in [21]. Samples of 1 mL were centrifuged 
(14000 rpm, 10 min) and the supernatant was discarded. Then, 1 mL of a 
solution of 1-propanol:HCl (80:20 v/v, 37 % HCl w/v), 50 µL of the 
internal standard (benzoic acid) in 1-propanol (25 g L− 1) and 2 mL of 
chloroform were added to the pellets and incubated for 4 h at 100 ºC in a 
Thermoreaktor TR 300 (Merck KGaA, Darmstadt, Germany). After 
digestion, 1 mL of deionized water was added, and the suspension was 
vortexed. The organic phase was collected and filtered through 0.22 µm 
fiber glass filters. The propyl esters of of 3HB and 3HV, the monomers 
constituting the copolyester PHBV were measured in a 7820 A GC 
coupled with a 5977E MSD (Agilent Technologies, Santa Clara, USA) 
and equipped with a DB-wax column (30 m × 250 μm × 0.25 μm). The 
detector and injector temperatures were maintained at 250 ºC. The oven 
temperature was initially maintained at 40 ºC for 5 min, increased at 10 
ºC min− 1 up to 200 ºC (maintained at this temperature for 2 min) and 
then increased up to 240 ºC at a rate of 5 ºC min− 1. Finally, PHBV values 
were calculated based on the standard curves corresponding to either 
3HB or 3HV and the normalization with the benzoic acid internal 
standard.

2.5. Growth of P. denitrificans and PHBV production under anoxic 
conditions

Anoxic cultures of P. denitrificans were carried out in 120 mL serum 
bottles sealed hermetically with isoprene rubber septa and aluminum 
crimp caps. Each bottle contained 100 mL of MSM supplemented with 
SUC (3 g⋅L− 1) as the sole carbon and energy source (a monomer of 
polymers such as PBS (poly(butylene succinate)), PBSA ((poly(butylene 
succinate-co-adipate)), PBST (poly(butylene succinate-co- 
terephthalate)), and PBSTIL ((poly(butylene succinate/terephthalate/ 
isophthalate)-co-(lactate)). For nitrogen assimilation and anoxic respi
ration, KNO3 (50 mM) and Na2SO4 (5 mM) were provided in place of 
(NH4)2SO4 (5 mM), with nitrate serving as the terminal electron 
acceptor. The inoculum was prepared as described for aerobic cultures, 
by transferring 20 µL of glycerol-frozen P. denitrificans stock cells into 
20 mL of LB medium supplemented with rifampicin (50 μg⋅mL− 1). For 
the final cultures, 2.5 mL of this preculture was used to inoculate the 
serum bottles. Oxygen was subsequently removed by flushing the 
headspace with helium. Cultures were incubated for three days at 37 ◦C 
and 200 rpm. Sampling for OD600, monomer concentration, and PHA 
content was performed aseptically using a needle and syringe to avoid 
oxygen contamination.
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2.6. Production of PHAs from mechanically and chemically pretreated 
polymers

Six different polymers were subjected to mechanical and chemical 
pretreatment: two homopolymers (PLA (polylactic acid) and PHB poly 
(3-hydroxybutyrate)), two heteropolymers (PBS and PBAT (poly 
(butylene adipate-co-terephthalate)), the copolymer PHBV and the 
blend PLA-PCL (poly(ε-caprolactone); 80:20). The polymers were first 
shredded and sieved to a particle size of 500–1000 μm and subsequently 
treated with an alkaline solution (2 M NaOH), at an initial polymer 
concentration of 50 g L− 1, under continuous agitation (300 rpm) at 37 ◦C 
for 7 days, following the procedure described by [22]. After alkaline 
treatment, the pretreated polymers were neutralized to pH 7 using HCl. 
The neutralized polymer suspensions were then used as the sole carbon 
source in P. denitrificans MSM cultures. For this purpose, 10 mL of the 
pretreated polymer suspension was mixed with 90 mL of MSM lacking 
any additional carbon source and prepared under nitrogen-limiting 
conditions (0.5 mM ammonium sulfate instead of 5 mM) to promote 
PHA synthesis. Cultures were inoculated with 1 mL of an overnight 
P. denitrificans LB culture and incubated at 37 ◦C with orbital shaking at 
200 rpm for several days. Biomass accumulation and PHBV content were 
periodically determined as described above.

3. Results and discussion

3.1. P. denitrificans metabolizes most of the monomers from the main 
polyesters

P. denitrificans is able to synthesize different types of PHAs, mainly 
PHB and PHBV, from a wide range of substrates [18]. To evaluate its 
ability to utilize the building blocks of common polyesters as sole carbon 
and energy sources, a comprehensive biodegradation analysis of 12 
representative monomers was performed (Fig. 1A). These monomers 
account for the composition of at least 17 industrially relevant poly
esters (Fig. 1A). The time-course profiles of growth, monomer concen
tration, and PHA production are shown in Fig. 1B-C.

P. denitrificans grew on all monomers tested except TER and NAP 
(Figs. 1A and 1B). Growth rates varied depending on the substrate, with 
the highest observed for SUC (0.2 h− 1) and the lowest for BDO 
(0.02 h− 1). Overall, two groups of growth behavior were identified: (i) 
monomers supporting growth rates above 0.05 h− 1 (SUC, LAC, GLY, 
3HB, 3HV), and (ii) monomers with growth rates below 0.05 h− 1 (PDO, 
EDO, ADI, CAP, BDO). In nearly all cases, substrates were consumed to 
undetectable levels and growth ceased upon depletion of the carbon 
source (Figs. 1B and 1C). The only exception was BDO, for which con
sumption remained partial, suggesting a metabolic bottleneck that 
warrants further investigation.

In addition to supporting growth, all metabolized monomers led to 
PHA accumulation (see Section 3.1 for details). PHA concentration fol
lowed biomass accumulation trends, as expected, since PHA is not 
synthesized under carbon-limiting conditions and can be mobilized 

Fig. 1. Utilisation of polyester-derived monomers by P. denitrificans and associated growth and PHA production. A) Matrix showing the monomers (rows), corre
sponding to the polymer building blocks indicated above the table, that supported growth of P. denitrificans (green) and those that did not (red). The following 
abbreviations are used for monomers: EDO (1,2-ethanediol; ethylene glycol), PDO (1,3-propanediol), BDO (1,4-butanediol), TER (terephthalic acid), SUC (succinic 
acid), ADI (adipic acid; hexanedioic acid), CAP (6-hydroxycaproic acid; 6-hydroxyhexanoic acid), NAP (2,6-naphthalenedicarboxylic acid), LAC (lactic acid), 3HB (3- 
hydroxybutyric acid), 3HV (3-hydroxyvaleric acid), and GLY (glycolic acid). For some monomers, synonymous names are provided where relevant. The following 
abbreviations are used for polymers: PET (poly(ethylene terephthalate)), PPT (poly(propylene terephthalate)), PBT (poly(butylene terephthalate)), PBAT (poly 
(butylene adipate-co-terephthalate)), PBST (poly(butylene succinate-co-terephthalate)), PBS (poly(butylene succinate)), PBA (poly(butylene adipate)), PBSA (poly 
(butylene succinate-co-adipate)), PEA (poly(ethylene adipate)), PLA (polylactic acid), PCL (poly(ε-caprolactone)), PEN (poly(ethylene naphthalate)), PHB (poly(3- 
hydroxybutyrate)), PHV (poly(3-hydroxyvalerate)), PHBV (poly(3-hydroxybutyrate-co-3-hydroxyvalerate)), PLGA (poly(lactide-co-glycolide)), and PGA (poly
glycolic acid). B) Growth of P. denitrificans, C) monomer concentration, and D) PHA production, using the listed monomers as the sole carbon and energy sources for 
the cultures. The error values represent the standard deviations calculated from three independent replicates. For interpretation of the references to colour in this 
Figure, the reader is referred to the web version of this article.
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when the carbon source is exhausted. Collectively, these results show 
that P. denitrificans can grow and produce PHA on a wide range of 
polyester-derived monomers, with the exception of TER and NAP 
(Fig. 1A).

Growth on substrates such as SUC and LAC is widely distributed 
among microorganisms, and similar occurs for 3HB and 3HV compounds 
[23,24], EDO [25], and ADI [26]. By contrast, the ability to metabolize 
CAP, PDO, BDO, GLY, or TER is less common and remains poorly 
studied. For instance, Ideonella sakaiensis is among the few bacteria 
capable of hydrolyzing polyethylene terephthalate (PET) and metabo
lizing TER [27], a monomer that P. denitrificans was not able to 
metabolize. On the other hand, the recently discovered β-hydrox
yaspartate cycle in P. denitrificans has been shown to enable GLY 
catabolism via oxidation to glyoxylate, matching with results here 
observed [28]. Although microbial catabolism of BDO is not fully 
elucidated in P. denitrificans [19], species of Pseudomonas and Cupria
vidus can also metabolize this monomer [29], 2008). For example, 
Pseudomonas putida KT2440 grows on BDO with a rate of 0.08 h− 1 [30], 
slightly higher than the 0.02 h− 1 rate observed in the present work with 
P. denitrificans under comparable conditions. In relation to CAP meta
bolism, two dehydrogenases—an alcohol dehydrogenase and an alde
hyde dehydrogenase—appear central to CAP catabolism [31]. These 
enzymes have been characterized in Acidovorax sp. CHX100, a bacte
rium able to use CAP as its sole carbon and energy source [31,32]. The 
alcohol dehydrogenase (AdhP) oxidizes CAP to 6-oxocaproic acid, which 
is subsequently converted to ADI by the aldehyde dehydrogenase (Adh). 
BLAST analysis identified two candidate homologs in P. denitrificans 
(WP_011748650.1 and WP_011748649.1). Further work is required to 
confirm the roles of these enzymes in P. denitrificans, although a detailed 
molecular characterization lies beyond the scope of the present study.

3.2. Bio-upcycling of polyester monomers into PHA

The exploitation of plastic wastes through their bioconversion into 
bioplastics, together with strategies to reduce production costs, has 
become a major focus for achieving PHA production at the industrial 
scale. Therefore, it was important to quantify both the production yields 
and the composition of PHAs accumulated in P. denitrificans cells 
depending on the substrate used. These results are summarized in 
Table 1. The highest yield of PHA production per mol of substrate was 
obtained with the 3HV and ADI monomers (both 6.5 g mol− 1), followed 
by SUC (5.9 g mol− 1), LAC (5.4 g mol− 1), and CAP (5.1 g mol− 1). The 
remaining monomers supported PHA yields below 5 g mol− 1. Similarly, 
the highest proportion of accumulated PHA relative to total biomass was 
observed with 3HV (16.1 %), followed by SUC (13.4 %), LAC (12.6 %), 
ADI (10.5 %), and 3HB (10.0 %). The remaining monomers supported 
PHA contents below 10 %. In all cases, the composition of the accu
mulated PHA was dominated by 3HB (>90 %), with the exception of the 
polymer synthesized from the 3HV monomer, which consisted of 
> 90 % 3HV and < 10 % 3HB (Table 1). Among other factors, such as 
substrate catabolism and carbon chain length, the incorporation of 3HB 
units depends on the substrate specificity of PHA synthases, most of 
which preferentially polymerize short-chain-length monomers (scl- 
PHAs) [33]. Overall, the PHBV copolyester composition, excluding 
cultures with 3HV as substrate, ranged from 90.1 % to 95.4 % 3HB. 
These findings confirm that PHA production in P. denitrificans is robust 
across different substrates and consistently dominated by PHB accu
mulation. The predominance of this polymer is particularly relevant 
given its recognized biodegradability, biocompatibility, and favorable 
processing properties, which underpin its increasing use in fields such as 
sustainable packaging, biomedical implants, and controlled drug de
livery. Consequently, the demonstration that PHB can be efficiently 
obtained from low-cost plastic wastes highlights a promising route for 
advancing circular bioeconomy strategies and reducing the environ
mental burden of synthetic polymers.

3.3. Growth of P. denitrificans and PHA production under anoxic 
conditions

An industrially relevant PHA-producing microorganism should 
combine rapid growth on inexpensive carbon sources with high 
substrate-to-PHA conversion efficiency. In addition, the ability to thrive 
under anoxic conditions is highly desirable, as it reduces the need for 
costly aeration in large-scale fermentations—a major limitation in cur
rent processes. As suggested by its name, P. denitrificans is capable of 
growing in the absence of oxygen, using nitrate as a terminal electron 
acceptor. However, the capacity of this bacterium to accumulate PHAs 
under anoxic conditions, while maintaining the same carbon and energy 
inputs, has not been characterized to date. To address this question, the 
culture medium was reformulated by substituting the nitrogen source
—using KNO3 and Na2SO4 instead of (NH4)2SO4—to enable nitrate 
reduction. Oxygen was also removed from the headspace of the incu
bation bottles. Biomass formation and PHA accumulation under these 
conditions, compared with fully aerobic cultures supplied with SUC as 
the sole carbon and energy source, are presented in Fig. 2. The com
parison clearly reveals distinct physiological responses depending on the 
electron acceptor available. P. denitrificans exhibited, on average, a 33 % 
lower biomass production with nitrate compared to oxygen and accu
mulated approximately 42 % less PHA (12.3 vs. 5.2 % of cell dry 
weight). Here, SUC was used as a reference substrate to establish a 
physiological baseline for comparison with other plastic-derived 
monomers. In this regard, it is worth noting that while the aerobic- 
anoxic differences observed are expected to be broadly applicable, 
monomer-specific metabolic behaviour should be examined in future 
studies. Nonetheless, the results demonstrate that the bacterium is 
capable of producing PHAs under anoxic conditions, which represents a 
valuable trait for its consideration as an industrial PHA producer. 
Importantly, these findings open a promising avenue for future studies 
focused on optimizing anoxic fermentation conditions, which could 
further improve yields and process efficiency while expanding the 
versatility of P. denitrificans as a platform for sustainable PHA 
production.

Table 1 
PHA production yields and PHA composition obtained from the different 
monomers using a one-step microbial fermentation process with P. denitrificans 
cells.

Monomer YPHA/ 

substrate 

(g‧mol− 1)

PHA/ 
biomass 
(%)

3HB/ 
PHA 
(%)

3HV/ 
PHA 
(%)

3-Hydroxyvaleric acid 6.5 
± 0.41

16.1 ± 1.4 6.6 (±
1.9)

93.4 (±
1.9)

Adipic acid 6.5 
± 0.68

10.5 ± 0.5 93.2 (±
0.9)

6.8 (±
0.9)

Succinic acid 5.9 
± 0.28

13.4 ± 1.6 92.9 (±
0.8)

7.1 (±
0.8)

Lactic acid 5.4 
± 0.22

12.6 ± 0.4 95.4 (±
0.2)

4.6 (±
0.2)

6-Hydroxycaproic acid 5.1 
± 0.00

8.8 ± 0.6 91.8 (±
0.3)

8.2 (±
0.3)

3-Hydroxybutyric acid 4.3 
± 0.08

10.0 ± 0.8 92.2 (±
0.7)

7.8 (±
0.7)

1,2-Ethanediol 2.4 
± 0.01

9.0 ± 0.7 92.3 (±
0.4)

7.7 (±
0.4)

1,3-Propanediol 2.4 
± 0.04

5.8 ± 1.2 90.1 (±
0.1)

9.9 (±
0.1)

1,4-Butanediol 1.8 
± 0.02

5.0 ± 0.8 90.9 (±
3.1)

9.1 (±
3.1)

Glycolic acid 0.7 
± 0.11

5.7 ± 1.1 90.1 (±
0.5)

9.9 (±
0.5)

Terephthalic acid 0 ± 0 0 ± 0 0 ± 0 0 ± 0
2,6-naphthalenedicarboxylic 

acid
0 ± 0 0 ± 0 0 ± 0 0 ± 0

Note: The error values represent the standard deviations calculated from three 
independent replicates.
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3.4. Growth of P. denitrificans and PHA accumulation on bioplastic 
polymer hydrolysates

The growing demand for sustainable PHA production has been 
accompanied by increasing interest in strategies to upcycle bioplastic 
waste [2]. In this context, the development of processes enabling the 
direct conversion of polymeric plastics into new bioplastics represents a 
highly attractive goal. To explore this potential, six different polyesters 
were mechanically and chemically pretreated to facilitate depolymer
ization. These included two homopolymers (PLA and PHB), two heter
opolymers (PBS and PBAT), one copolymer (PHBV) and a PLA-PCL 
blend.

Many PHA-producing bacteria repress polymer accumulation in the 
presence of sufficient nitrogen [34]. To enhance PHA synthesis, the ni
trogen concentration in the culture medium was reduced ten-fold (see 
Section 2.6), a strategy widely reported to boost microbial PHA pro
duction across various bacterial models [35–37]. The experimental 
approach comprised two key steps: (i) mechanical shredding and 
chemical pretreatment of the polymer substrates; and (ii) cultivation of 
P. denitrificans in MSM containing the hydrolyzed polymers as the sole 
carbon and energy source under previously described growth condi
tions. Results demonstrated that P. denitrificans grew (Fig. 3A) and 
accumulated PHA (Fig. 3B) on all polymer hydrolysates tested. The 

highest PHA accumulation, reaching up to 30 % of cell dry weight, was 
observed when PHB or PHBV hydrolysates were used as substrates 
(Fig. 3B). PLA and the PLA-PCL blend supported intermediate PHA 
contents (~15 %), whereas PBS and PBAT hydrolysates resulted in 
lower PHA accumulation (~6 %) (Fig. 3B). Biomass formation followed 
similar trends across the different polymers (Fig. 3A).

The differences in biomass formation and PHA accumulation 
observed across the different polymer hydrolysates can be partially 
explained by polymer hydrolysis behavior (i.e., the extent of carbon 
solubilization) as well as by the chemical nature and bioavailability of 
the solubilized hydrolysis products. In this context, under the same 
hydrolysis conditions applied in this study (2 M NaOH, particle size 
500–1000 µm, 7-day hydrolysis), PLA and the PLA-PCL (80:20) blend 
have been reported to exhibit high apparent alkaline hydrolysis effi
ciencies (92–98 %), as inferred from total organic carbon (TOC) solu
bilization, whereas lower values were observed for PHAs (80–93 %) 
[22]. For PBS and PBAT, TOC solubilization data under these exact 
conditions are not available; however, independent experiments con
ducted by our research group using 1 M NaOH achieved TOC solubili
zation efficiencies of 57.8 % and 40.9 %, respectively, after 12 days of 
hydrolysis. On this basis, higher solubilization efficiencies would be 
expected at increased alkaline strength. Although the efficiency of 
alkaline hydrolysis was not quantified for each polymer in this study, the 

Fig. 2. Growth of P. denitrificans and PHA production under anoxic conditions using succinic acid as the sole carbon and energy source. A) Comparison of growth 
(triangles) and succinic acid consumption (circles) by P. denitrificans under aerobic (blue) and anoxic (grey) conditions. B) Comparison of PHA production (% of cell 
dry weight) in P. denitrificans cultures under aerobic (blue) and anoxic (grey) conditions. Error values represent the standard deviations of three independent 
replicates. For interpretation of the references to colour in this Figure, the reader is referred to the web version of this article.

Fig. 3. Growth of P. denitrificans and PHA accumulation on bioplastic polymer hydrolysates. A) Growth of P. denitrificans using mechanically and chemically pre
treated polymers as sole carbon source. B) Production of PHAs from the mechanically and chemically pretreated polymers used as sole carbon source of the cultures. 
PHB: (poly(3-hydroxybutyrate)), PHBV: (poly(3-hydroxybutyrate-co-3-hydroxyvalerate)); PBS: (poly(butylene succinate)); PBAT: (poly(butylene adipate-co- 
terephthalate)); PLA: (polylactic acid); PLA-PCL (80:20). The error values represent the standard deviations calculated from three independent replicates. For 
interpretation of the references to colour in this Figure, the reader is referred to the web version of this article.

F. Santos-Beneit et al.                                                                                                                                                                                                                          Process Biochemistry 161 (2026) 283–289 

287 



overall results clearly demonstrate the ability of P. denitrificans to bio
logically upcycle hydrolyzed polymers, highlighting its versatility 
beyond the use of pure monomeric substrates. Future work should 
therefore consider not only the extent of polymer solubilization, but also 
the characteristics of the resulting hydrolysates, as these factors are 
expected to influence carbon partitioning toward PHA storage.

These findings provide compelling evidence that P. denitrificans is 
capable of converting diverse bioplastic wastes into valuable PHAs, 
highlighting its potential as a robust microbial platform for sustainable 
plastic upcycling. The approach opens avenues for future optimization 
of hydrolysis conditions and culture strategies to further improve yields, 
establishing a promising framework for integrating microbial biocon
version into circular bioeconomy initiatives. To translate these insights 
into industrial practice, several critical steps are now needed. First, 
optimization of pretreatment strategies is essential to ensure consistent 
liberation of monomers from diverse polymer waste streams at scale, 
while minimizing energy input and chemical use. Second, bioprocess 
engineering efforts must focus on increasing volumetric productivity, 
improving carbon conversion yields, and developing robust fed-batch or 
continuous cultivation strategies compatible with mixed and variable 
waste streams. Third, strain engineering could enhance key metabolic 
pathways to broaden substrate specificity, accelerate monomer uptake, 
or shift polymer composition beyond PHB toward tailored PHA co
polymers with higher market value. In parallel, techno-economic and 
life-cycle assessments are needed to benchmark this microbial upcycling 
route against existing recycling technologies and to identify the condi
tions under which it becomes economically and environmentally 
competitive. Finally, industrial implementation will require the inte
gration of this bioprocess into existing waste-handling infrastructures, 
addressing scalability, regulatory frameworks, and supply-chain logis
tics. Taken together, these next steps will be essential for moving from 
laboratory-scale proof-of-concept to a commercially viable bio- 
upcycling platform capable of contributing meaningfully to a circular 
plastics economy.

4. Conclusions

This study demonstrates that P. denitrificans is a promising candidate 
for the bio-upcycling of polyester waste into valuable PHAs. Efficient 
growth was achieved on 10 of the 12 tested monomers, all of which are 
constituent building blocks of different polyesters, leading predomi
nantly to PHB accumulation. P. denitrificans was able to grow and 
accumulate PHA under both aerobic and anoxic conditions, providing 
significant operational flexibility. Successful bio-upcycling was also 
achieved using mechanically and chemically pretreated polymeric 
plastics, resulting in PHA contents of up to 30 % of the cell dry weight. 
Overall, these findings highlight the potential of P. denitrificans as a 
versatile microbial platform for sustainable PHA production, offering a 
viable route for integrating bioplastic upcycling into circular bio
economy frameworks.
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