
Biological upcycling of polystyrene into ready-to-use plastic monomers and 
plastics using metabolically engineered Pseudomonas putida

Michael Kohlstedt a, Fabia Weiland a, Samuel Pearson b, Devid Hero c, Sophia Mihalyi d,  
Laurenz Kramps e, Georg Gübitz d, Markus Gallei c,f, Aránzazu del Campo b,  
Christoph Wittmann a,*

a Institute of Systems Biotechnology, Saarland University, Saarbrücken, Germany
b Dynamic Biomaterials Group, Leibniz Institute for New Materials (INM), Saarbrücken, Germany
c Institute of Polymer Chemistry, Saarland University, Saarbrücken, Germany
d Institute of Environmental Biotechnology, University of Natural Resources and Life Sciences, Vienna, Austria
e Taros Chemicals GmbH, Dortmund, Germany
f Saarene, Saarland Center for Energy Materials and Sustainability, Saarbrücken, Germany

A R T I C L E  I N F O

Keywords:
Polystyrene upcycling
Pseudomonas putida
Muconic acid
Adipic acid
Hexamethylenediamine
Nylon

A B S T R A C T

The persistent accumulation of plastic waste, particularly polystyrene (PS), poses significant environmental 
challenges because of its extensive use and low recycling rates. Addressing these challenges necessitates inno
vative and sustainable solutions. This study presents a strategy to upcycle PS waste into valuable chemical 
products, including adipic acid, hexanediol, hexamethylenediamine, and nylon-6,6, using metabolically engi
neered Pseudomonas putida KT2440. This process involves the photolytic degradation of PS into benzoic acid, 
followed by microbial conversion into cis,cis-muconate (MA) and chemical synthesis of the final products. The 
engineered strains withstood 30 mM concentrations of PS-derived aromatics and converted them stoichiomet
rically into MA in the presence of glucose as a growth substrate. 13C metabolic flux analysis revealed energy and 
redox limitations in the presence of 25 mM benzoate and 300 mM MA. The cells responded to stress by enhancing 
the flux for periplasmic glucose oxidation and fluxes through the NADPH-forming dehydrogenases; this process 
caused more than 40 % glucose‑carbon loss into byproducts. Fine-tuned dynamic glucose and benzoate feeding 
enabled high-level MA production. Energy-optimized genome-reduced strains were used to increase carbon ef
ficiency. A final MA titer of over 65 g L− 1 was achieved in fed-batch fermentation. This process was demonstrated 
using the glucose derived from a viscose textile waste blend as the growth substrate and resulted in fully waste- 
based products. The resulting adipic acid and hexamethylenediamine were polymerized into nylon-6,6 with 
properties comparable to those of petrochemical-derived polymers, revealing a sustainable pathway for PS 
upcycling. This research provides a proof-of-concept for bacterial upgrading of PS-derived substrates and a viable 
method for managing plastic waste and producing valuable chemical products.

1. Introduction

Plastic accumulation poses a persistent global challenge [1]. Poly
styrene (PS), widely used in packaging and single-use goods, is a major 
contributor to plastic waste and microplastic pollution [2]. Despite >20 
Mt. annual PS production [3], recycling remains <10 % due to economic 
and technical barriers [4]. Prior efforts have focused on depolymerizing 
PS to aromatic monomers for recovery and reuse [5–10], but end-to-end 
routes that convert PS into drop-in polymer precursors and validate final 

polymer performance remain scarce.
This work introduces a fully integrated, waste-based value chain 

from PS to nylon-6,6, combining (i) photolytic depolymerization of PS to 
benzoate using mild conditions, (ii) microbial upgrading by metaboli
cally engineered Pseudomonas putida to produce cis,cis-muconic acid 
(MA), and (iii) chemical transformations of MA to adipic acid, hex
anediol, and hexamethylenediamine, culminating in nylon-6,6 with 
petrochemical-equivalent properties. The process further leverages 
textile-derived glucose as a growth substrate, enabling a dual-waste, 
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fully waste-based concept. At the bioprocess core, we deploy a precision 
fermentation strategy guided by 13C metabolic flux analysis, using dy
namic glucose dosing and DO-coupled benzoate feeding to sustain pro
ductivity under substrate/product stress. We also evaluate a genome- 
reduced chassis for improved carbon efficiency and robustness.

P. putida is a versatile host with broad aromatic catabolism and in
dustrial robustness [11–16]. Through pathway engineering, it efficiently 
channels aromatics to MA, a valuable platform chemical [17–21], and 
synthetic biology has broadened its repertoire to additional products 
[22–25]. What distinguishes this study is the system-level integration: 
we (i) convert PS directly to a fermentable intermediate (benzoate), (ii) 
demonstrate high-efficiency microbial upgrading of both commercial 
and crude PS-derived benzoate, (iii) replace virgin sugar with textile- 
derived glucose, and (iv) close the loop to nylon-6,6, confirming mate
rial parity. The combined flux-guided control and waste-only feedstocks 
address key roadblocks in PS valorization—namely, inhibitory aromatic 
stress, by-product formation, and dependency on virgin substrates.

In summary, this study delivers a novel, end-to-end, fully waste- 
based route from PS to adipic acid, 1,6-hexanediol, hexane-1,6- 
diamine, and nylon-6,6 by integrating gentle photochemical depoly
merization, engineered microbial conversion, and industrial-relevant 
downstream chemistry, underpinned by quantitative flux analysis and 
dynamic process control. This framework advances PS upcycling beyond 
monomer recovery toward specification-grade polymer precursors and 
materials, offering a practical pathway for circular manufacturing.

2. Materials and methods

2.1. Strains and plasmids

P. putida KT2440 and its MA-producing derivatives P. putida MA-1 
and MA-11 were obtained from previous work [21,26]. Escherichia coli 
DH5α (Invitrogen, Carlsbad, CA, USA) and E. coli DH5α λpir (Biomedal 
Life Sciences, Sevilla, Spain) were used for cloning as described previ
ously [21,26]. The strains were maintained as cryo-stocks in 15 % (v/v) 
glycerol at − 80 ◦C. All P. putida strains used are listed in Table 1.

2.2. Genetic engineering

Genomic modification of P. putida KT2440 was carried out as 
described previously [27]. The deletion of glucose dehydrogenase (gcd, 
PP_RS07455, previously: PP_1444, NC_002947.4:c1647356-1644945) 
in P. putida MA-1 [28] involved the elimination of the entire open 
reading frame. For this purpose, approximately 650 bp flanking se
quences upstream of the translational start codon (TS1) and downstream 
of the translational stop codon (TS2) of gcd were amplified from the 
P. putida genome. The amplified sequences were cloned into the SmaI 
linearized vector pEMG via Gibson assembly and subsequently electro
porated into E. coli DH5αλpir. The created mutant P. putida MA-1 Δgcd 
was designated P. putida MA-12 after verification by sequencing.

2.3. Minimal culture media

The cells were cultivated in minimal glucose medium; the detailed 
composition is provided in the Supplementary Material. For MA pro
duction and tolerance studies, the medium was additionally amended 
with different stock solutions of benzoate (Sigma–Aldrich, Darmstadt, 
Germany) and MA (Sigma–Aldrich), whereas the liquid aromatics, 
including benzaldehyde (Sigma–Aldrich) and benzyl alcohol (Sigma
–Aldrich), were added to the medium in pure form. For metabolic flux 
studies, glucose was replaced with 99 % [1-13C] glucose (Sigma
–Aldrich), 99 % [6-13C] glucose (Omicron, Southbend, IN, USA), and an 
equimolar mixture of naturally labeled glucose and [U-13C6] glucose 
(Eurisotop, Saint Aubin Cedex, France), respectively [29].

2.4. Chemical depolymerization of polystyrene waste

Polystyrene was depolymerized by photolysis in the presence of p- 
toluenesulfonic acid, yielding crude benzoate that was purified by 
washing, recrystallization, and optional sublimation. Experimental de
tails on reaction conditions, purification steps, and analytical methods 
(FTIR, SEC, NMR, GC/MS, HPLC, HPIC) are provided in the Supple
mentary Material [9].

2.5. Enzymatic depolymerization of textile waste

A textile blend containing 48 % viscose and 52 % polyamide (VI/PA) 
was purchased from Textil Müller GmbH (Kritzendorf, Austria). For 
hydrolysis, a Cellic CTec3 cellulase cocktail was purchased from Novo
zymes (Copenhagen, Denmark). Enzymatic hydrolysis of viscose from 
the blend was performed in 50 mM potassium phosphate buffer (pH 5.0, 
50 ◦C, 72 h) using 2 % cellulase solution and a solid content of 110 g L− 1. 
After the PA fibers were collected through a 100–500 μm sieve, the 
viscose hydrolysate was filter sterilized through a 0.2 μm PES filter and 
further ultrafiltered through a 10 kDa MWCO PES membrane. Mono
meric glucose in the final hydrolysate was quantified using HPLC (Agi
lent Technologies 1260 Infinity II) operated with an Aminex HPX-87H 
ion exclusion column (Bio-Rad) at 45 ◦C as the stationary phase, 10 mM 
H2SO4 (0.325 mL min− 1) as the mobile phase, and refractive index 
detection.

2.6. Microbial cultures

For strain characterization, the cells were incubated at 30 ◦C in 
baffled shake flasks (10 % filling volume) on an orbital shaker (230 rpm 
Multitron, Infors-HT, Bottmingen, Switzerland; shaking throw: 25 mm). 
A single colony from LB agar was used for inoculation of 10 mL of liquid 
LB medium. The cells were subsequently harvested (6000 ×g, 4 min, RT) 
to inoculate the second preculture and the main culture; both cultures 
were conducted in 25 mL minimal medium. For MA production, 
different aromatic compounds were added to the main culture medium. 
All experiments were conducted in biological triplicate. Tolerance 
screening was performed in a Biolector bioreactor system as previously 
described (Beckman Coulter GmbH, Baesweiler, Germany) [21]. In 
brief, cultivation included one preculture in LB medium, which was used 
for the inoculation of a second preculture in minimal medium. The main 
culture was carried out in 48-well flower plates (MTP-48B) with 1 mL of 
minimal medium supplemented with benzoate, benzaldehyde, or benzyl 
alcohol (0 to 40 mM). The cultures were inoculated to a starting OD600 of 
0.5 and grown at 30 ◦C, 1300 rpm, and a relative humidity of 85 %. The 
tolerance was evaluated based on the online detected biomass signal 
(OD620), and both the lag phase and the maximum specific growth rate 
were considered during the exponential growth phase. Uninoculated 
medium served as a reference. All experiments were performed in bio
logical triplicate.

Table 1 
Pseudomonas putida strains used in this study.

Strain Genotype Reference

KT2440 Wildtype [111]
MA-1a KT2440 ΔcatBC [18]
MA-11b EM42 ΔcatBC Pcat catA-catA2 [21]
MA-12c MA-1 Δgcd This work

a MA producer strain; accumulation enabled by deletion of muconate cyclo
isomerase and muconolactone isomerase.

b Genome-reduced chassis strain with enhanced catechol conversion via 
additional expression of catechol 1,2-dioxygenase (CatA2) from the ben operon 
under Pcat promoter control (full genotype of EM42 in Table S1).

c MA producer strain with disrupted periplasmic glucose oxidation through 
deletion of glucose dehydrogenase.
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2.7. Fed-batch production of MA

The MA production performance of P. putida strains was evaluated at 
30 ◦C and pH 7.0 in fed-batch processes at the laboratory scale (1 L 
DASGIP bioreactors, Eppendorf, Jülich, Germany). The initial batch 
medium (300 mL) contained 10 g of glucose, 15 g of (NH4)2SO4, 7.75 g 
of K2HPO4, 4.25 g of NaH2PO4•2H2O, 1 g of MgCl2•6H2O, 10 mg of 
EDTA, 10 mg of FeCl3•6H2O, 1 mg of CaCl2•2H2O, 1 mL of the above
mentioned trace element mixture, and 200 μL of Antifoam 204 (Sig
ma–Aldrich, Taufkirchen, Germany) per liter of solution [18]. The 
reactors were inoculated to an initial OD600 of 0.1 with the corre
sponding strain, which was pre-grown and harvested as described 
above. The initial aeration rate was set to 1 vvm, and pressurized air was 
used. Later, the dissolved oxygen (DO) level was maintained above 30 % 
by adjusting the stirrer speed and aeration rate and (when needed) 
adding pure oxygen. After the batch phase, additional nutrients were 
supplied through exponential feeding. The concentrated feed contained 
600 g of glucose, 50 g of (NH4)2SO4, 10 g of MgCl2•6H2O, 50 mg of 
EDTA, 50 mg of FeCl3•6H2O, 5 mg of CaCl2•2H2O, 10 mL of the 
abovementioned trace element mixture, and 200 μL of Antifoam 204 
(Sigma–Aldrich) per liter of solution. For each setup, the feed profile was 
programmed using VBA scripting, which was built in DASGIP control 
software. Two process strategies were applied. The basic strategy 
included an exponential glucose feed, which was based on the desired 
specific growth rate (μset = 0.04 h− 1), the biomass yield on glucose (YX/ 

S), the maintenance energy requirement (ms), and the increasing liquid 
volume (VL) (Eq. 1): 

F =

(
μset

Yx/S
+ms

)

•
VLX0eμset (t− t0)

S0
(1) 

The other parameters were the reactor liquid volume VL, the biomass 
concentration at the beginning of the feed phase X0, and the glucose 
concentration of the feed S0. The addition of benzoate was coupled with 
the automatic pH control (pH-stat) [30,31]. Two feed solutions were 
tested. One contained 1.2 M benzoate and 2.4 M NaOH (resulting in 
more frequent benzoate pulses), and the other contained 1.2 M benzoate 
and 2.88 M NaOH (resulting in less frequent benzoate pulses). In an 
advanced set-up, different amount of glucose and benzoate were sup
plied (Eq. 2). For glucose supplementation after the batch phase, an 
exponential feed was used, and an increasing maintenance requirement 
over time was considered. 

F =

(
μset

Yx/S
+ms • e0.02 (t− t0)

)

•
VLX0eμset (t− t0)

S0
(2) 

The addition of benzoate, which started during the glucose-feed 
phase, was coupled to the dissolved (DO) signal. Once the DO level 
surpassed a predefined setpoint (50 %), benzoate was automatically 
added from the concentrated feed until a concentration of 5 mM or 10 
mM was reached. For exponential glucose feeding, experimentally ob
tained growth parameters were considered for each strain: MA-1 and 
MA-12 YX/S = 0.40 g g− 1, ms = 0.037 g g− 1 h− 1; MA-11 YX/S = 0.55 g 
g− 1, ms = 0.024 g g− 1 h− 1 [32]. All fermentations were conducted in 
duplicate.

2.8. Fed-batch MA production from polystyrene-upcycled benzoate

Through photolysis, 5.75 g of crude benzoate was extracted from 
polystyrene. The resulting powder was then dissolved in water, and the 
pH was adjusted to 12.0 using 6 M NaOH. The measured concentration 
of benzoate in the solution was 1.0 M. The production of MA from 
upcycled benzoate was demonstrated using P. putida MA-11 under fed- 
batch conditions at 30 ◦C and pH 7.0 in a 100 mL scale system (DAS
GIP, Eppendorf, Jülich, Germany). The initial batch medium (100 mL) 
contained 10 g of glucose, 15 g of (NH4)2SO4, 7.75 g of K2HPO4, 4.25 g 
of NaH2PO4•2H2O, 1.0 g of MgCl2•6H2O, 10 mg of EDTA, 10 mg of 

FeCl3•6H2O, 1 mg of CaCl2•2H2O, 1 mL of the abovementioned trace 
element solution, and 200 μL of Antifoam 204 (Sigma–Aldrich, Tauf
kirchen, Germany) per liter of solution [18]. The reactor was inoculated 
to an initial OD600 of 0.1, and an initial aeration rate was set at 1 vvm 
using pressurized air. To maintain the dissolved oxygen (DO) level 
above 30 %, the stirrer speed and aeration rate were adjusted as needed, 
and pure oxygen was added when necessary. Following the batch phase, 
additional glucose was supplied through exponential feeding from a 
concentrated stock (Eq. 2). Benzoate was fed in pulses, triggered by an 
increase in the DO signal. Owing to the limited availability of upcycled 
benzoate, the process was conducted as a single replicate.

2.9. Quantification of the cell concentration, substrates and products

The cell concentration was monitored spectrophotometrically at 600 
nm (OD600) (VWR). A correlation factor of 0.54 gCDW L− 1 OD600

− 1 was 
used for the conversion of OD600 readings into dry cell weights (DCWs) 
[26]. Glucose was quantified using isocratic HPLC (1260 Infinity Series, 
Agilent, Darmstadt, Germany) with a MetaCarb 87C guard column (50 
× 4.6 mm, Agilent) and a MetaCarb 87C analytical column (300 × 7.8 
mm, 9 μm, Agilent) at 85 ◦C as the stationary phase, deionized water at a 
flow rate of 0.6 mL min− 1 as the mobile phase, and refractive index 
detection (Agilent 1260 RID G1362A, Agilent Technologies). Gluconate 
and 2-ketogluconate were quantified using HPLC as described previ
ously [21]. Aromatics and MA were analyzed using HPLC (1260 Infinity 
Series, Agilent Technologies) using a modified gradient method [33]. 
Experimental details on separation conditions, detection, and calibra
tion are provided in the Supplementary Material.

2.10. In-vivo degradation assays of benzoate and catechol

Cells, pre-grown in in glucose-medium in the presence of 5 mM and 
25 mM benzoate, as well as without benzoate were analyzed for their 
capacity to degrade benzoate and catechol. For this purpose, cells were 
harvested from the pre-cultures and incubated at a cell concentration of 
about 0.25 g (cell dry mass) L− 1 in glucose-medium, supplemented with 
either 5 mM benzoate or 2.5 mM catechol as the degradation substrate. 
The degradation rate was determined by monitoring the linear decline of 
the concentration of the corresponding substrate every 10 min over a 
period of 60 min [18]. The obtained rate was then corrected for the 
mean cell concentration during the incubation period, which yielded the 
specific degradation rate (mmol g− 1 h− 1). All experiments were con
ducted as three biological replicates.

2.11. In-vitro activity of catechol 1,2-dioxygenase

The activity of catechol 1,2-dioxygenase was measured as described 
previously [34]. The specific enzyme activity was given in U (mg cell 
protein)− 1.

2.12. Isotopic tracer studies and 13C labeling analysis

Precultured and washed cells (see above) were transferred to 25 mL 
of 13C tracer medium; here, the initial cell concentration was kept below 
OD600 = 0.02 to exclude the interference of unlabeled biomass with the 
subsequent 13C labeling analysis [35]. To resolve the biochemical 
network of P. putida, parallel setups containing [1-13C] glucose, [6-13C] 
glucose, and an equimolar mixture of naturally labeled glucose and 
[U-13C6] glucose as tracer substrates were used [29]. The three repli
cates yielded the physiological parameters related to growth, glucose 
consumption and organic acid secretion rates. During exponential 
growth (OD600 2–5), the cells were harvested for 13C analysis of the 
amino acids from the cell proteins as well as sugars from the cell car
bohydrates [29]. Harvested cells from the isotopic tracer studies (2 mg 
CDW) were washed with deionized water, followed by hydrolysis in 100 
μL of 6 M HCl (24 h, 100 ◦C). The proteinogenic amino acids contained 
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in the hydrolysates were derivatized into the corresponding t-butyl- 
dimethyl-silyl derivatives, and their 13C labeling pattern was analyzed 
using GC/MS as described previously [36]. Additionally, GC/MS was 
applied to obtain 13C labeling data for cellular sugars [29].

2.13. Metabolic flux estimation and redox and energy balance

Metabolic fluxes in the metabolic network of P. putida (Table S2) 
were estimated from the experimental data (Table 2) and the cellular 
composition [37], yielding the anabolic precursor demand (Table S3) 
using OpenFLUX software [38] integrated into MATLAB (MathWorks, 
Natick, USA) [29]. Prior to estimation, the obtained mass isotopomer 
distributions were corrected for naturally occurring isotopes [39] using 
a built-in algorithm of OpenFLUX. Because the nonlinear structure of 
isotopomer models potentially leads to local minima, 100 parameter 
estimations with random initial starting points were performed. These 
yielded the same solution and verified that the acquired data were 
descriptive and that the determined flux distribution displayed the 
global minimum [29] (Table S4). After flux parameter estimation, 95 % 
confidence intervals were determined over 100 iterations using Monte 
Carlo analysis [40]. Generally, an excellent fit of the data was obtained 
(Table S5, Fig. S1). Details on the calculation of balances for reducing 
equivalents and energy equivalents from the estimated fluxes are given 
in the Supplementary Material.

2.14. RNA sequencing

Transcriptomic analysis was conducting using RNA sequencing. 
Experimental details are provided in the Supplementary Material.

2.15. Recovery, purification, and quality analysis of fermentative MA

Downstream processing was adapted from previous work [18]. 
Experimental details are provided in the Supplementary Material.

2.16. Chemical synthesis of nylon-6,6 precursors and PA66

Adipic acid was synthesized from fermentative MA via catalytic 
hydrogenation [18] using 2-methyltetrahydrofuran as a green solvent, 
followed by conversion into 1,6-hexanediol [41] and hexamethylene
diamine [42] through established reduction routes. Both commercial 
and MA-derived intermediates were tested, and the final products were 
confirmed by NMR and melting point analysis. Experimental details on 
reaction conditions, purification, and product characterization are pro
vided in the Supplementary Material. Fully waste-based PA66 was 
synthesized from hexamethylenediamine and adipic acid using a two- 
step melt and solid-state polymerization procedure. For comparison, 
petrochemical PA66 was prepared from commercial precursors using 
the same method. Experimental details on polymerization conditions 

and PA66 characterization are provided in the Supplementary Material.

3. Results

3.1. Benzoate and its derivatives are promising polystyrene-derived 
monomers for MA production in P. putida MA-1

Benzoate [7–9] and benzaldehyde [8,10,43] can be obtained using 
chemo-catalytic polystyrene depolymerization and can be further 
transformed into benzyl alcohol via microbial processes [44]. To assess 
the strain’s performance, P. putida MA-1 [26] was evaluated for its 
tolerance to and utilization of these aromatic compounds (Fig. S10). The 
strain exhibited robust growth in benzoate concentrations up to 10 mM, 
with no effect on the growth rate, lag phase, or biomass formation, 
indicating high resilience. At higher concentrations, growth slowed, 
with a half-maximal inhibitory concentration (IC) of 28.5 mM, and the 
biomass decreased at concentrations near 30 mM. The strain showed 
better tolerance to benzaldehyde (IC = 32.1 mM), but its lag phase was 
extended at elevated concentrations, indicating detoxification mecha
nisms. Benzyl alcohol was found to be more inhibitory, with lower 
biomass formation and a reduced IC. Despite slower growth at high 
aromatic concentrations, the growth substrate glucose was consistently 
consumed in all cases. The byproduct profile varied with the presence of 
the aromatic compounds: with 30 mM benzoate, 60 % of the glucose was 
converted into 2-ketogluconate (Fig. S11). In contrast, up to 30 mM 
benzaldehyde led to complete glucose metabolism without byproducts; 
this was correlated with increased biomass. At 40 mM benzaldehyde, 
gluconate production increased. Benzyl alcohol also triggered 2-keto
gluconate formation, although at a lower yield (30 %). The screening 
demonstrated the exceptional natural ability of the bacterium to tolerate 
polystyrene-derived aromatic monomers; this bacterium showed a 
notably greater tolerance than other industrially significant aromatics, 
such as catechol, a major lignin-derived monomer [21].

For MA production, 5 mM benzoate and 7.5 g L− 1 glucose (growth 
substrate) enabled complete conversion of benzoate to MA within only 
two hours, demonstrating efficient substrate utilization (Fig. 1A). 
Benzaldehyde was also converted into MA, although more slowly (12h), 
due to initial reduction into benzyl alcohol (40 % of the substrate) and 
partial oxidation to benzoate (30 %) (Fig. 1B). This pattern resembled 
the native detoxification mechanisms observed in other bacteria [33]. 
Once benzaldehyde was depleted, the remaining benzoate was rapidly 
metabolized. The final step involved the oxidation of benzyl alcohol 
back to benzaldehyde and subsequently to benzoate to complete the 
process. Notably, glucose depletion at seven hours reduced the meta
bolic activity, likely prolonging the conversion. Benzyl alcohol was also 
a viable MA precursor, and the strain exhibited biphasic metabolism 
(Fig. S12). In the presence of glucose, benzyl alcohol was weakly con
verted into MA with no byproducts. After glucose depletion, its con
sumption accelerated, significantly increasing MA yields. Additionally, 

Table 2 
Physiology of the different glucose-grown P. putida strains in the presence of increased levels of benzoate (BA) and MA. The data represent rates and yields for the wild 
type (KT2440) and the MA-producing derivatives MA-1 (KT2440 ΔcatBC) and MA-12 (MA-1 Δgcd), estimated during the exponential growth phase. The net carbon 
uptake rate (qS) reflects the difference between the glucose consumption (qGlc) and the secretion of gluconate (qGA) and 2-ketogluconate (q2KGA). In addition, the 
specific growth rate (μ) and the corresponding biomass yield of consumed glucose (YX/Glc) and net-consumed carbon (YX/S) are provided. Glucose-based cultures 
without extra addition served as controls. The data represent the mean values and standard deviations from three biological replicates.

Strain Extra addition μ 
[h− 1]

qGlc 

[mmol g− 1 h− 1]
qS 

[mmol g− 1 h− 1]
YX/Glc 

[g mol− 1]
YX/S 

[g mol− 1]
qGA 

[mmol g− 1 h− 1]
q2KGA 

[mmol g− 1 h− 1]

KT 2440 – 0.55 ± 0.02 6.76 ± 0.23 6.10 ± 0.21 81.6 ± 7.8 90.6 ± 4.3 0.59 ± 0.03 0.06 ± 0.01
MA-1 – 0.53 ± 0.02 6.63 ± 0.19 6.24 ± 0.11 80.1 ± 6.1 85.4 ± 3.0 0.27 ± 0.07 0.12 ± 0.06

5 mM BA 0.47 ± 0.03 5.75 ± 0.23 5.22 ± 0.36 82.2 ± 4.1 89.8 ± 8.2 0.35 ± 0.07 0.18 ± 0.06
25 mM BA 0.36 ± 0.03 7.03 ± 0.38 5.17 ± 0.23 51.7 ± 4.4 69.5 ± 5.8 0.72 ± 0.24 1.14 ± 0.30
50 mM MA 0.54 ± 0.01 6.52 ± 0.23 6.01 ± 0.06 83.1 ± 3.6 90.3 ± 1.9 0.30 ± 0.07 0.22 ± 0.02
300 mM MA 0.24 ± 0.02 5.58 ± 0.13 3.20 ± 0.17 46.7 ± 5.1 75.2 ± 8.6 0.42 ± 0.06 1.97 ± 0.22

MA-12 – 0.34 ± 0.02 4.75 ± 0.18 4.75 ± 0.18 72.8 ± 6.2 72.8 ± 6.2 n. d. n. d.

n.d. = not detected.
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the exclusive formation of MA without intermediates indicated efficient 
channeling of the aromatic compound. Overall, benzoate emerged as the 
most favorable substrate because of its superior tolerability, rapid con
version, and minimal byproduct formation. These results highlighted 
P. putida MA-1’s potential for upgrading polystyrene-associated aro
matic monomers into valuable biochemical products.

3.2. Upcycling of polystyrene-derived benzoate and textile-based glucose 
enables sustainable MA production

We performed light-induced oxidative cleavage of commercial 
polystyrene with para-toluenesulfonic acid monohydrate (pToS) under 
405 nm irradiation; this process resulted in efficient polymer degrada
tion. The reaction was conducted in an autoclave with stirring and 
produced benzoic acid in yields consistent with prior reports [28]. SEC 
analysis revealed a rapid reduction in the polymer molar mass from 
~200 to 50 kg mol− 1 within one hour, and 49 kg mol− 1 was reached 
after 3.5 h (Fig. S13). Depolymerization slowed in later stages. Post- 
extraction and drying yielded 1.2 g of crude benzoic acid as a light 
brown powder. Subsequent sublimation produced high-purity white 
benzoic acid crystals, with some material loss (crude: 68.4 ± 1.2 % 
purity; sublimated: 101.4 ± 2.4 % by HPLC). We then assessed P. putida 
MA-1 for its ability to convert crude polystyrene-derived benzoate (5 
mM) directly into MA, using glucose (7.5 g L− 1) as a growth substrate 
(Fig. 1C). Remarkably, the conversion was completed within two hours, 
matching the performance of commercial benzoate (Fig. 1E). MA puri
fied from the culture supernatant was equivalent in purity to that from 
commercial sources.

To enhance sustainability, we substituted the glucose source with an 
enzymatically hydrolyzed viscose from a red-colored viscose-polyamide 
textile blend [45]. After viscose hydrolysis and polyamide removal, the 
resulting solution provided a glucose-rich hydrolysate (50 g L− 1). The 
cultivation of P. putida MA-1 with polystyrene-derived crude benzoate 
and textile-derived hydrolysate (7.5 g L− 1 glucose) (Fig. 1D) led to full 
benzoate consumption within three hours, yielding the first fully waste- 

based MA (Fig. 1F). P. putida MA-1 also successfully converted subli
mated benzoate originating from polystyrene in the presence of both 
conventional and textile-derived glucose (Fig. S14). Notably, the growth 
was faster on the waste-derived glucose than on conventional glucose. 
Previously, glucose-rich hydrolysates were found to support robust mi
crobial growth, and this observation suggests that additional compo
nents in the hydrolysate may contribute to enhanced performance 
[46,47]. Such effects may be attributed to additional compounds 
released from the textile blend during hydrolysis, such as short peptides, 
or trace minerals, which could act as supplementary nutrients or growth 
enhancers. Further investigation is warranted to identify and charac
terize these potential growth-promoting factors.

3.3. Systems-level evaluation of metabolic bottlenecks: 13C flux analysis 
under benzoate stress

At elevated benzoate concentrations, growth suppression and 
reduced cell vitality were observed (Fig. S10); these results highlighted 
potential challenges for fermentative production processes that rely on 
benzoate over extended periods. To identify metabolic bottlenecks and 
inform bioprocess optimization, we performed 13C metabolic flux 
analysis and employed isotopic tracers to comprehensively map the 
carbon flux distribution and pathway activity in living cells [29]; these 
results provided critical insights into the dynamic metabolic adaptations 
under stress [48–52].

Under the control conditions (glucose alone), P. putida MA-1 pre
dominantly utilized periplasmic gluconate bypass (51 % of glucose up
take), followed by the cytosolic glucose-phosphorylating route (39 %), 
with marginal flux through the 2-ketogluconate loop (3 %) (Fig. S15). 
These pathways converged at 6-phosphogluconate (6PG) and fed the 
Entner-Doudoroff (ED) pathway to generate glyceraldehyde-3- 
phosphate (GAP) and pyruvate (PYR). PYR was converted to acetyl- 
CoA to fuel the highly active tricarboxylic acid (TCA) cycle (85 % 
flux), whereas part of the GAP pool was recycled into sugar phosphates 
for anabolism. Upon exposure to 5 mM benzoate, central carbon fluxes 

Fig. 1. Upcycling of polystyrene-derived benzoate to MA using P. putida MA-1. Evaluation of MA production in shake flasks using minimal medium supplemented 
with 5 mM benzoate (A) or 5 mM benzaldehyde (B) as biotransformation substrates, and 7.5 g L− 1 glucose as the growth substrate. n = 3. MA production from 5 mM 
polystyrene-derived crude benzoate as the biotransformation substrate and 7.5 g L− 1 glucose as the growth substrate (C, D). The glucose source was either 
commercially obtained (C) or derived from the enzymatic hydrolysis of a viscose–polyamide textile blend, yielding a glucose-rich hydrolysate (D). n = 3.
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remained largely stable, with minor reductions in the ED pathway, py
ruvate carboxylase, and malic enzyme fluxes (Fig. S16A). The NADPH- 
forming malic enzyme and ATP-consuming pyruvate carboxylase 
created an alternative pathway to the NADH-forming malate dehydro
genase for converting malate into oxaloacetate, thereby balancing ATP, 
NADH, and the NADPH supply. A reduction in the bypass activity 
indicated a metabolic shift favoring energy conservation at the cost of 
NADPH availability. Despite this shift, benzoate conversion to MA 
remained highly efficient (88 % flux) through benzoate and catechol 
dioxygenases (B12DO, C12DO).

At 25 mM benzoate, the flux redistribution became pronounced 
(Fig. 2A). While glucose uptake remained high, biomass yields declined 
by 40 %, and specific growth rates decreased by 35 %; these results 
indicated reduced anabolic efficiency (Table 2). The flux of benzoate-to- 
MA conversion sharply decreased by more than elevenfold to just 8 %. 
Energy-intensive cytosolic glucose assimilation was downregulated, 
whereas periplasmic glucose oxidation significantly increased. This shift 
led to the release of gluconate and 2-ketogluconate, which together 
accounted for 26 % of the loss of assimilated carbon. Concurrently, the 
TCA cycle flux increased by 11 %. Despite the altered flux distribution, 
the NADPH supply remained stable because of a substantial redistribu
tion of the pathway contributions (Fig. 2B, Fig. S17A, Fig. S17C). The 
reduced NADPH generation from G6P dehydrogenase was compensated 
by increased flux through ICD dehydrogenase and malic enzyme.

3.4. Transcriptional and metabolic profiling of the benzoate degradation 
pathway

To further investigate the functional consequences of these meta
bolic shifts, we conducted in-vivo benzoate and catechol degradation 
assays using P. putida MA-1 pre-cultivated under varying benzoate stress 
conditions (0, 5, 25 mM benzoate) (Fig. 3C). The short incubation time 
excluded the possibility of interference from newly synthesized proteins, 
ensuring that the measured degradation capacity reflected the physio
logical state and enzymatic potential of the cells during the pre- 
incubation phase [18]. Non-induced control cells (0 mM benzoate) 
efficiently degraded catechol, attributed to basal expression of catA, 
which encodes catechol 1,2-dioxygenase [20]. With increasing benzoate 
pre-exposure, catechol degradation capacity increased six-fold, corre
lating with induction of the ben operon, which includes catA2—a second 
catechol 1,2-dioxygenase gene in P. putida [18]. These results aligned 
with in vitro catechol 1,2-dioxygenase activity assays, which also 
showed increasing enzyme activity with higher stress levels (Fig. 3D). In 
contrast, in-vivo benzoate degradation declined sharply under high 
stress. The specific benzoate degradation rate dropped from 5.6 mmol 
g− 1 h− 1 at 5 mM benzoate to 0.4 mmol g− 1 h− 1 at 25 mM. In all cases, the 
catechol conversion capacity was significantly higher than the benzoate 
conversion capacity, likely to ensure that no toxic pathway in
termediates accumulate inside the cell.

To elucidate the transcriptional basis of the reduced benzoate 
degradation capacity under stress, RNA sequencing was performed on 
P. putida MA-1 grown in the presence of 5 mM and 25 mM benzoate and 
without benzoate, used as a control. Genes of the ben (benABC, benD, 
catA2) and the cat operon (catA) were found induced in the presence of 
5 mM benzoate (Fig. 3A), well matching previous findings [34]. Under 
high-stress conditions, the benzoate importers benE and the benF-like 
outer membrane porin PP_1383, as well as catA2, were downregulated. 
In contrast, benABC and benD were found to be upregulated (Fig. 3B). 
Apparently, under high benzoate stress, P. putida undergoes a regulatory 
shift that decoupled benzoate uptake from downstream catechol 
degradation. This selective regulation might reflect a stress-adaptive 
response prioritizing intracellular detoxification over substrate assimi
lation. More research is needed to resolve this picture in more detail.

Altogether, the metabolic adjustments enabled cells to manage the 
elevated stress but resulted in suboptimal glucose utilization, increased 
byproduct formation, and reduced MA production. These findings 

indicated that increased benzoate levels resulted in energy-inefficient 
metabolism; therefore, maintaining benzoate at lower concentrations 
during fermentation was crucial for enabling energy-efficient glucose 
utilization in strain MA-1.

3.5. Metabolic constraints and flux adaptations under MA stress

At elevated concentrations, MA significantly inhibited P. putida MA-1 
growth (Fig. S10). Since achieving high product titers is a crucial factor 
for industrial process optimization, addressing this inhibitory effect was 
essential. From a biochemical standpoint, both benzoate and MA are 
weak acids that may disrupt cellular energy homeostasis by uncoupling 
the transmembrane proton gradient from ATP synthesis [53]. To sys
tematically assess the impact of MA stress on metabolic flux distribution, 
we conducted 13C metabolic flux analysis under moderate (50 mM) and 
high (300 mM) MA concentrations, and the latter was in the range of top 
MA titers from benzoate.

At 50 mM MA, metabolic flux adjustments were localized primarily 
around the pyruvate (PYR) node and closely resembled the response 
observed under mild benzoate stress (Fig. S16). However, at 300 mM 
MA, carbon metabolism was globally perturbed (Fig. 2C). Periplasmic 
glucose oxidation increased, whereas cytosolic glucose uptake was 
severely suppressed. More than 40 % of the assimilated glucose was 
rerouted into gluconate and 2-ketogluconate, whereas all three cytosolic 
carbon uptake routes were downregulated; this drastically limited the 
flux available for downstream biosynthesis. This disruption led to sub
stantial reductions in the Entner–Doudoroff by restricting the (ED) 
pathway, the EDEMP cycle, and the TCA cycle fluxes and severely 
impaired both ATP generation and NADPH production. As a result, the 
cellular energy and redox power supply decreased by one-third 
(Fig. 2D); these results highlighted the inability of P. putida MA-1 to 
effectively compensate for high MA-induced stress.

Thus, the combined exposure to elevated substrate (benzoate) and 
product (MA) concentrations would likely intensify the metabolic stress. 
High levels of benzoate and MA shift the metabolism of excess glucose 
toward periplasmic oxidation and increased byproduct secretion. To 
mitigate these effects, fermentation strategies need to prioritize opti
mized glucose flux partitioning and minimized byproduct formation to 
sustain metabolic efficiency under inhibitory conditions.

3.6. Precision fermentation approach: optimized glucose and benzoate 
feeding for efficient MA production

Benzoate and MA significantly disrupted the metabolism of P. putida 
MA-1, highlighting the need for a strategic approach to sustain high- 
level MA production over extended fermentation periods. To evaluate 
these metabolic effects and develop optimized process strategies, we 
conducted three fed-batch fermentations in laboratory-scale bioreactors.

Glucose supplementation began after the batch phase using an 
exponential feed rate (Eq. 1), and this feed rate remained consistent 
across all experiments. Benzoate was supplied pulse-wise, triggered by 
pH fluctuations, following an approach based on proton release associ
ated with aromatic compound conversion into MA [30]. In one experi
ment, benzoate and NaOH were added at a 1:2 ratio (1.2 M benzoate, 
2.4 M NaOH) to precisely match the theoretical conversion stoichiom
etry. In addition, an increased 1:2.4 ratio (1.2 M benzoate, 2.88 M 
NaOH) was applied to counteract the additional acidification caused by 
gluconate and 2-ketogluconate formation (Fig. 5) and the proton release 
linked to ammonium assimilation [31]. A control fermentation without 
benzoate feeding was also included to assess baseline metabolic 
performance.

Benzoate addition had a strong effect on the growth of strain MA-1 
(Fig. S18). In the control process, the cells reached an OD600 of 50 
after 68 h; this value was twice the OD600 of the benzoate-supplied, MA- 
producing cells that received the same amount of glucose. The reduced 
growth indicated that glucose was diverted away from biomass 
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Fig. 2. Carbon flux distribution across different P. putida strains as determined by 13C metabolic flux analysis. Intracellular carbon fluxes of glucose-grown P. putida 
MA-1 in the presence of 25 mM benzoate (A) and 300 mM MA (C). Intracellular carbon of glucose-grown P. putida MA-12 (P. putida MA-1 Δgcd) (E). All fluxes are 
expressed as a molar percentage relative to the specific glucose uptake rate (qS), which was set to 100 % (Table 2). Biomass formation reactions are represented by 
green triangles, with their flux values available in Supplementary File 1. Flux differences between the conditions are visually indicated by color gradients; here, 
higher fluxes appear from dark to light green and lower fluxes from dark to light red relative to the control. The corresponding NADPH and ATP balances (B, D, F) are 
derived from carbon flux distributions, illustrating metabolic sources and cellular sinks. Abbreviations: G6P DH – glucose 6-phosphate dehydrogenase; ICI DH – 
isocitrate dehydrogenase; MAE – malic enzyme; DH – dehydrogenase; 2K6PG RD – 2-keto-6-phosphate gluconate reductase; OxP – oxidative phosphorylation; SLP – 
substrate-level phosphorylation; TH – transhydrogenation; NGAM – non-growth-associated maintenance. An apparent excess or oversupply of NADPH or ATP is 
obtained from the difference between the summed-up supply and the quantifiable demand.
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formation. This observation was consistent with previous flux data, 
which showed that high benzoate levels led to increased periplasmic 
glucose oxidation and byproduct secretion, redirecting carbon away 
from energy-efficient central pathways (Fig. 2). As the process pro
gressed, this effect intensified, indicating that cells required increasing 
amounts of energy to sustain activity under inhibitory conditions and 
that the available glucose became insufficient.

3.7. High-level fed-batch production from benzoate using P. putida MA-1 
and its genome-reduced derivative MA-11

To address this challenge, a dynamic control strategy for fermenta
tive MA production was designed to account for the increasing main
tenance energy demand. This approach involved supplying 
progressively higher amounts of glucose over time to counteract the 
increasing inhibitory effects (Eq. 2). Since the conversion of benzoate to 
MA requires two oxygen-consuming dioxygenases, the dissolved oxygen 
(DO) level was identified as suitable online sensor for benzoate avail
ability rather than using the pH; the use of the pH value was found 
suboptimal because of the fixed ratio of base to benzoate in the feed. 
Consequently, benzoate addition was correlated to the DO signal to 
ensure that substrate availability aligned with the metabolic capacity of 
the cells.

The designed dynamic process concept, incorporating maintenance 
energy-corrected glucose feeding and DO-based benzoate feeding, was 
first applied for high-level MA production in stirred tank bioreactors 

using P. putida MA-1 (Fig. 4A). During the batch phase, the strain 
exhibited robust growth and reached an OD600 of 3 after 6 h. At this 
point, 10 mM benzoate was added to induce the expression of catabolic 
pathways. Upon glucose depletion at 12 h, the exponential glucose feed 
commenced and was adjusted to account for the increasing maintenance 
energy requirements over time (0.037 g (gDCW)− 1 h− 1). The target 
growth rate was maintained at μset = 0.04 h− 1 to prevent excessive ox
ygen demand that could compete with MA biosynthesis.

Once the cell density reached an OD600 of 15, which occurred after 
24 h, the automatic DO-coupled benzoate feed (5 mM pulses) was 
initiated. Each benzoate pulse triggered a drop in the DO level, indi
cating active conversion of the aromatic substrate to MA. As soon as the 
benzoate was metabolized, the DO levels sharply increased, signaling 
that the system should administer the next feed pulse. This setup 
ensured a steady but low benzoate concentration throughout the pro
cess, maintaining metabolic stability and enabling increased efficiency.

For the next 36 h, the volumetric productivity remained stable at 1.6 
g L− 1 h− 1 and gradually declined toward the end of the process. After 80 
h, a final titer of over 65 g L− 1 MA was achieved. Importantly, the 
accumulation of unwanted byproducts was minimal throughout the 
process. Only gluconate and 2-ketogluconate were detected, both at low 
concentrations (< 1 g L− 1). The alternative supply of 10 mM benzoate 
pulses resulted in comparable performance. Doubling the pulse size and 
halving the frequency maintained the same productivity, highlighting 
the robustness of the process to variations in the feed dynamics 
(Fig. S19).

Fig. 3. Transcriptional and metabolic profiling of the benzoate degradation pathway in P. putida MA-1 under benzoate and salt stress. (A, B) Gene expression related 
to benzoate uptake and conversion to muconic acid (MA) was analyzed by RNA sequencing (n = 3). Cells were cultivated with 5 mM (A) and 25 mM (B) benzoate, 
alongside a no-benzoate control. Data are presented as log₂-fold changes relative to the control condition. (C) In vivo benzoate and catechol degradation rates were 
measured following pre-growth in the presence of 0, 5, or 25 mM benzoate (n = 3). (D) The in vitro activity of catechol 1,2-dioxygenase was quantified under the 
same stress conditions (n = 3). (E) Salt tolerance of strain MA-1 was assessed across a NaCl gradient (0–50 g L− 1) using a microbioreactor system (n = 3). The glucose- 
medium medium additionally contained 5 mM benzoate and 20 g L− 1 MA. Experimental details are described in Fig. 1.
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To further validate this process, the same feeding strategy was 
applied to P. putida MA-11, which is a genome-reduced derivative 
optimized for metabolic efficiency. Based on the observed metabolic 
impact of benzoate and MA (Fig. 2), strain MA-11 was selected for its 
streamlined energy metabolism, faster aromatic conversion rates, and 

greater robustness to aromatics [21]. With the same process layout and 
feed regime, strain MA-11 achieved a final titer of 65 g L− 1 MA within 
80 h, which was similar to MA-1 (Fig. 4B). Notably, no byproducts, 
including gluconate or 2-ketogluconate, were secreted. Remarkably, the 
process reached a maximum volumetric productivity of 2 g L− 1 h− 1; this 

Fig. 4. DO-based fed-batch production of MA from benzoate using P. putida MA-1 (A), MA-11 (B), and MA-12 (C). The cells were grown in glucose minimal medium 
under exponential feeding. The automatic addition of 5 mM benzoate pulses was triggered by an increase in the dissolved oxygen level, indicating the complete 
conversion of the previous dose via benzoate and catechol dioxygenases.
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represented a 25 % increase compared with that of MA-1 (Table 3). 
Furthermore, owing to its superior growth stoichiometry, MA-11 
required significantly less glucose, resulting in a higher overall carbon 
efficiency. The MA yield based on total carbon (0.58 mol mol− 1) was 
nearly 20 % greater than that of MA-1; these results demonstrated 
enhanced resource efficiency and reinforced the potential of genome 
reduction strategies for improving precision fermentation processes.

Taken together, these findings indicate that dynamic feeding stra
tegies and genome reduction enhance the MA production efficiency. By 
integrating real-time adjustments based on cellular demand, the novel 
process concept enables a fully automated system, maintains optimal 
performance throughout the fermentation run and delivers MA at high 
yields with minimal byproducts. These findings highlight the potential 
of precision fermentation to address metabolic bottlenecks and enhance 
bioproduction from renewable substrates. Notably, the genome-reduced 
strain P. putida MA-11 not only achieved superior volumetric produc
tivity and carbon efficiency but also demonstrated scalability for in
dustrial applications. The enhanced performance of MA-11 may be 
attributed to specific advantages conferred by its streamlined genome, 
such as increased ATP availability and reduced maintenance demands 
[54]. These features likely supported processes like MA secretion—
driven by proton symport and sensitive to the proton motive force —as 
well as stress defense mechanisms, explaining its superior performance 
in final process stages, observed here (Fig. 4) and before [21]. Addi
tionally, the higher biomass yield of the genome-reduced chassis 
reduced the substrate requirement for cell growth [55].

Although direct intracellular measurements of ATP and NAD+/ 
NADH were not conducted, the consistent correlation between fermen
tation performance, flux redistribution, and energy-conserving adapta
tions supports the interpretation that glucose metabolism plays a central 
role in modulating energy supply and thereby influences MA production 
efficiency. Future studies involving targeted metabolite profiling are 
warranted to quantitatively validate this hypothesis and further refine 
energy-balanced process strategies.

3.8. Upscaling of the value chain enables fed-batch MA production from 
polystyrene-based crude benzoate

To evaluate the scalability of the polystyrene-based value chain, fed- 
batch fermentation was performed at a 100 mL scale using crude ben
zoate as the carbon source. A total of 5.75 g of crude benzoate 
(approximately 60 % benzoate content) was obtained from polystyrene 
photolysis and used to prepare a concentrated benzoate feed. P. putida 
MA-11 was selected for its favorable carbon and benzoate conversion 
efficiency (Table 3), and we applied the sophisticated dynamic control 
strategy to supply glucose and crude benzoate on demand. Over 42 h, 
the process proceeded smoothly, the final 5 mM dose of crude benzoate 
was fully converted, and a final titer of 21 g L− 1 MA was attained 
(Fig. 5). However, over the following 6 h, no increase in the DO signal 
was observed; thus, crude benzoate conversion had stopped, indicating a 
depletion of metabolic capacity or inhibition. Despite these challenges, 
fermentation yielded approximately 600 mg of polystyrene-derived MA 
with a purity of 99.5 % after recovery and purification (Fig. S20).

Unlike its pure equivalent, the crude benzoate appeared to contain 
inhibitory components that imposed additional stress on the cells, 
leading to a stoppage in growth and efficient benzoate utilization. To 
accurately assess the composition of the starting material, we repeated 
the photolysis process using 20 g of polystyrene beads. This yielded 9.84 
g of a light brown powder, which contained 67.3 % benzoate (Fig. S21), 
consistent with previous experiments. In this way, 6.3 g of benzoate was 
obtained from 20 g of PS beads, matching a yield of 31.6 %. NMR and 
GC/MS analyses identified benzoate and revealed that it was the pre
dominant organic component, with only trace amounts of impurities 
detected (Fig. S21, Fig. S22, Fig. S23, Fig. S24). To identify inorganic 
side components, ion chromatography was conducted on an aqueous 
solution of the crude powder in deionized water, which had a slightly 
acidic pH of 3.56. The analysis revealed substantial amounts of sodium 
and chloride ions, suggesting the presence of residual salts from the 
neutralization and purification steps. Quantitative analysis showed that 
1 g of the crude material contained approximately 0.67 g benzoate, 0.14 
g sodium, and 0.17 g chloride, accounting for 97 % of the total mass.

Clearly, the fed-batch process using the crude benzoate feed was 
exposed to elevated salt levels, as the salt-rich feed had been alkalized by 
the addition of NaOH, introducing extra sodium ions into the system. To 
assess the impact of this increased salt load on microbial perform
ance—given the known sensitivity of many microbes to high osmotic 
pressure [36]—we conducted growth experiments under controlled 
conditions. Sodium chloride (0–50 g L− 1) was added to a glucose me
dium supplemented with 5 mM benzoate and 20 g L− 1 MA to simulate 
production conditions. The results showed that elevated salt concen
trations strongly inhibited cell growth (Fig. 3E). Notably, strain MA-11 
ceased growing entirely at 20 g L− 1 NaCl. To remove the residual salt 
from the crude benzoate, a recrystallization step was implemented. This 
process yielded a white powder with a benzoate purity of 95.3 % 
(Fig. S21). Ion chromatography of an aqueous solution of the solid 
confirmed the effectiveness of the purification, detecting only trace 
amounts of sodium and chloride—each contributing less than 1 %. The 
mother liquor contained only 0.6 % benzoate. Subsequent sublimation 
enhanced the purity even further. HPLC, NMR and GC/MS analyses of 
both the recrystallized and sublimated fractions produced spectra that 
matched those of pure benzoic acid (Fig. S21, Fig. S22, Fig. S23, 
Fig. S24), confirming the absence of significant organic impurities.

Taken together, the optimized, still simple, purification workflow 
produced benzoate, effectively free of organic and inorganic contami
nants. Given the high purity achieved, benzoate derived from poly
styrene—after optimized purification— promises to approach the 
performance of pure commercial benzoate in the fermentation process, 
supporting equally efficient MA production.

3.9. Deletion of periplasmic glucose oxidation results in increased carbon 
efficiency for MA production at the expense of reduced stress tolerance

The accumulation of gluconate and 2-ketogluconate by P. putida MA- 
1 under stress suggested enhanced flux through the periplasmic glucose 
oxidation pathway (Fig. S11), a finding supported by metabolic flux 
analysis (Fig. 2). In contrast, both byproducts were absent under the 

Table 3 
Fed-batch performance parameters of P. putida MA producer strains MA-1, MA-11 and MA-12. Yields and productivities were calculated from two bioreactor replicates. 
All strains were exponentially fed with glucose and were given 5 mM shots of benzoate upon full conversion into MA triggered by an increase in in the DO signal. The 
maximum volumetric productivity (PVmax) and maximum specific productivity (PSmax) correspond to the maximum volumetric and biomass-specific productivity, 
respectively (DCW, dry cell weight).

Strain Genotype Max. MA titer 
[g L− 1]

YMA/BA 

[mol mol− 1]
YMA/Glc 

[mol mol− 1]
YMA/(BA+Glc) 

[mol mol− 1]
PVmax 

[g L− 1 h− 1]
PSmax 

[g gDCW
− 1 h− 1]

MA-1 KT2440 ΔcatBC 64.9 ± 3.0 1.00 ± 0.04 0.96 ± 0.09 0.50 ± 0.02 1.56 ± 0.17 0.06 ± 0.01
MA-11 EM42 ΔcatBC 

Pcat:catA2
65.9 ± 3.5 1.00 ± 0.02 1.31 ± 0.05 0.58 ± 0.03 2.00 ± 0.20 0.09 ± 0.01

MA-12 KT2440 
ΔcatBC Δgcd

53.3 ± 2.5 1.00 ± 0.02 1.66 ± 0.04 0.67 ± 0.03 1.74 ± 0.15 0.07 ± 0.01
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precision fed-batch conditions, raising the question of whether—and to 
what extent—this periplasmic route still contributed when substrate 
availability was limited.

To investigate this, the periplasmic glucose oxidation pathway was 
disrupted. Therefore, the gcd gene encoding periplasmic glucose dehy
drogenase was deleted in MA-1, yielding the P. putida MA-12 strain. 
Strain MA-12 grew slower (0.34 h− 1) than MA-1 but achieved a higher 
biomass yield without the secretion of gluconate or 2-ketogluconate in 
the presence of excess substrate, suggesting increased glucose meta
bolism efficiency [56]. Metabolic flux analysis confirmed that the 
glucose uptake was nearly entirely redirected to the cytosolic phos
phorylation pathway (97 ± 4 %) (Fig. 2E); this doubled the fluxes 
through glucose-6-phosphate dehydrogenase (G6PDH) and increased 
the NADPH supply at the cost of increased ATP demand through the 
ATP-binding cassette (ABC) importer and the subsequent phosphoryla
tion of glucose (Fig. 2F, Fig. S25). MA-12 exhibited significantly greater 
sensitivity to benzoate than MA-1 (Fig. S10F), suggesting that the 
periplasmic pathway, though dispensable under optimal growth condi
tions, plays a crucial role in stress defense.

In fed-batch experiments, MA-12 exhibited slower growth and 
needed more than 20 h to deplete the initial glucose (Fig. 4C). Upon DO- 
coupled benzoate feeding, MA production began but was stopped after 
reaching 20 g L− 1; this was accompanied by growth cessation and 
continued glucose accumulation due to reduced uptake. Glucose con
sumption was 20 % slower and 25 % lower than that of MA-1, resulting 
in a final MA titer of 50 g L− 1. Benzoate conversion slowed until it 
stopped entirely, preventing further substrate addition and stabilizing 
the titer.

While P. putida MA-12 initially maintained efficient glucose meta
bolism, its energy-generation capacity seemed insufficient over time to 
support sustained MA synthesis under increased production stress. This 
limitation, together with the increased sensitivity of MA-12 to high 
benzoate levels, highlights the role of periplasmic glucose metabolism in 
stress tolerance during high-level bioproduction. Nevertheless, strain 
MA-12 exhibited superior carbon efficiency and achieved a yield of 0.67 
mol MA mol− 1 (glucose plus benzoate); this value was 34 % higher than 
that of MA-1 and 15 % higher than that of MA-11 (Table 3).

The key conclusions regarding strain MA-12 are as follows: it per
forms efficiently under non-stress conditions and demonstrates 
improved glucose metabolism under glucose-excess conditions, effec
tively preventing the accumulation of gluconate and 2-ketogluconate. 
However, under production stress MA-12 showed low tolerance to 

benzoate (Fig. S10F) and diminished performance during the later stages 
of fed-batch cultivation (Fig. 4C), indicating that the periplasmic 
pathway is critical for stress defense. Consequently, MA-12 is not well- 
suited for high-level MA production in fed-batch processes. Neverthe
less, it may hold promise as a chassis for future continuous production 
processes operating under lower-stress conditions, such as reduced MA 
titers and controlled benzoate feeding.

3.10. From MA to high-purity plastic monomers

To demonstrate downstream versatility, 400 mL of benzoate-free 
culture broth was subjected to downstream processing. MA was recov
ered by acidification (pH 1.3) and temperature reduction on ice, as 
described previously [18]. The purified MA crystals were filtered, 
washed with ultrapure water, and freeze-dried, yielding a product of 99 
% purity. Fermentative MA was hydrogenated into adipic acid at a 10 g 
scale using ethanol or 2MTHF as green solvents, with a subsequent scale- 
up to 100 g using 2MTHF. This process produced 91 g of adipic acid 
(>98 % purity, 1H NMR, 13C NMR), with a yield of 88 % (Fig. S4, 
Fig. S5). The structure and melting point (151.9 ◦C) confirmed its 
alignment with known values (151–154 ◦C). Adipic acid was further 
reduced to hexanediol. A 10 g batch of commercial adipic acid yielded 
51 % hexanediol, whereas 20 g of MA-derived adipic acid produced 7.6 g 
of hexanediol (>95 % purity, 1H NMR, Fig. S6, Fig. S7), corresponding 
to a yield of 47 %. The melting point (39.8 ◦C) aligned with the reported 
range (38–42 ◦C). Finally, adipic acid was converted into hexamethy
lenediamine (HMDA). A 20 g batch was transformed into adipamide at 
180 ◦C using urea under neat conditions, yielding 11.8 g (60 % yield, 
>90 % purity, 1H NMR in DMSO‑d6; data not shown). A subsequent 
reduction of 10.5 g of adipamide yielded 2.1 g of HMDA after distillation 
(>98 % purity, 1H NMR, Fig. S8). The product’s melting point (40.2 ◦C) 
corresponded to known values (39–42 ◦C); these results confirmed 
successful conversion and product quality. These results also demon
strate the feasibility of converting fermentative benzoate-based MA into 
high-purity plastic monomers, supporting its potential for sustainable 
material synthesis.

3.11. Polymerization of adipic acid and hexamethylenediamine into 
PA66

Finally, we tested whether the fermentation-derived building blocks 
adipic acid and hexamethylenediamine could lead to the production of 

Fig. 5. Fed-batch production of MA from polystyrene-derived crude benzoate. The energy-optimized strain P. putida MA-11 was cultivated in glucose minimal 
medium with exponential feeding. The automatic addition of 5 mM benzoate pulses was synchronized with the increase in dissolved oxygen levels, indicating the 
complete conversion of the previous dose via benzoate and catechol dioxygenases.
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polyamide-6,6 (PA66). The polymer was formed using a process similar 
to a typical industrial approach (Fig. S9), i.e., melt polymerization from 
a salt of the precursors [57]. A PA66 salt was synthesized by mixing 
ethanolic solutions of adipic acid and hexamethylenediamine, and both 
were derived from a novel value chain. For comparison, a PA66 salt was 
also prepared using commercial, crude oil-derived precursors. Both salts 
exhibited nearly identical pH values of 8.36–8.37 at 1 % w/w in water; 
this result was consistent with the slight excess of hexamethylenedi
amine, which imparted a mildly basic character. The melting point of 
both salts was 192 ◦C, which aligned with the reported values [58]. 
Prepolymers were produced by heating the salts in an autoclave under 
nitrogen. A subsequent polymerization step was performed in the solid 
state below the melting point of PA66 to yield the final polymer 
(Fig. 6A). The properties of the two polymers were analyzed for com
parison. DSC revealed almost identical thermograms (Fig. S26, with Tm 
= 262 ◦C, Tc = 230–231 ◦C, and a crystallization enthalpy of 68 J g− 1, 
which corresponded to a crystallinity degree of 30 %. These results 
aligned with the values obtained by DSC for commercial PA66 [59]. SEC 
yielded almost identical chromatograms for fermentation-based and 
crude oil-based PA66 (Fig. S27), with corresponding Mn,SEC values of 
10.6 and 10.7 kDa, respectively, relative to the PMMA standards. Molar 
masses of >20 kDa rivalling industrial values could be attained by 
increasing the reaction time and removing water under vacuum [60]. In 
summary, the molar mass and thermal properties of the novel PA66 
were virtually identical to those of petrochemical PA66; thus, 
fermentation-derived precursors could produce polymers with proper
ties equivalent to those obtained from conventional petrochemical 
sources (Table 4, Fig. S28).

4. Discussion

4.1. Sustainability and market potential

The growing environmental impact of plastic waste needs innovative 
and scalable waste valorization solutions [61]. Polystyrene (PS) waste 
poses a significant challenge because of its long persistence in the 
environment and low recycling rates, which are driven primarily by high 
processing costs [62]. In this study, a novel cascaded approach to the 
upcycling of polystyrene (PS) waste into valuable chemical products, 
including MA, adipic acid, hexanediol, hexamethylenediamine, and 
nylon-6,6, is demonstrated using metabolically engineered P. putida 
KT2440 (Fig. 6A). Nylon-6,6 is a widely used synthetic polymer because 
of its durability, versatility, and performance in various industries, 
including textiles, automotive, and engineering plastics. However, its 
conventional production relies heavily on fossil-based resources and 
significantly contributes to carbon emissions [63]. The comparable 
mechanical and thermal properties of PS waste-based nylon-6,6 and its 
petrochemical counterpart confirm that this process meets industry 
standards (Table 4). Therefore, the approach may serve as a sustainable 
“drop-in” alternative for the nylon industry. This finding is crucial since 
it demonstrates that sustainable alternatives can seamlessly integrate 
into existing industrial supply chains as drop-in solutions to ensure 
compatibility with conventional manufacturing infrastructure [64]. The 
use of textile-based glucose as a growth substrate further enhances the 
process’s sustainability, enabling the production of fully waste-based 
products. This dual waste stream approach highlights the versatility 
and broad applicability of the technology, facilitating future innovations 
in waste management and resource recovery [65]. Beyond the envi
ronmental benefits, the economic potential of this approach is sub
stantial. Global polyamide production has reached 7 million tons 
annually, with applications spanning the automotive, electrical, textile, 
and medical sectors [66].The global market value of key nylon pre
cursors highlights the financial viability of transitioning to waste- 
derived raw materials. Adipic acid is a key precursor for nylon-6,6 and 
has a global market value of approximately $6 billion annually [67]. 
Hexanediol is used in coatings and adhesives and is valued at 

approximately $2.5 billion. Hexamethylenediamine is another essential 
nylon precursor and has a market value of approximately $7.5 billion. 
By replacing fossil-based inputs with upcycled PS waste and textile 
waste, the proposed process aligns with circular economy principles, 
providing both environmental and economic incentives for industrial 
adoption. Moreover, recent advancements in the enzymatic degradation 
and recycling of polyamides have enabled monomer recovery, waste 
reduction, and circularity [68–70], aligning with this study’s goal of 
fostering a sustainable, closed-loop plastic economy. Moreover, MA is 
gaining recognition as a high-value platform chemical because of its 
conjugated double bonds [71]; thus, it is a versatile monomer for the 
synthesis of specialty polymers, including polyester polyols, polyamides, 
and aromatic polyesters (Fig. 6B). The photolytic breakdown of poly
styrene (PS), as applied in this study, has multiple advantages in terms of 
efficiency and sustainability, including low energy requirements, 
potentially using green energy, high selectivity [72], and direct 
fermentation of the crude photolysate without additional processing.

Toward a plastic waste biorefinery using polystyrene-derived input 
streams, future research should focus on further enhancing chemical 
depolymerization processes. The visible light-driven PS depolymeriza
tion provides a promising start point, given the fact that it is simple and 
selective, and operates under ambient temperature and pressure with 
cheap, readily available inorganic or organic acids as a simple catalysts 
[9]. It offers a more sustainable and efficient alternative for polystyrene 
breakdown compared to other reported photochemical methods, which 
rely on toxic transition metal catalysts, halogenated reagents, or organic 
solvents—factors that limit their scalability and environmental 
compatibility for plastic valorization [73–75].

Promising directions for increasing its efficiency include the use of 
flow photoreactor systems [76], supported by 3D-printed reactor tech
nologies [77], and wavelength-tuned LEDs [78] to enable precise light 
distribution and controlled reaction times—factors that can significantly 
increase yields and improve process scalability [79]. The purification 
workflow was efficient and straightforward and appeared scalable, 
yielding benzoic acid at high purity (>97 %) and high recovery, with no 
detectable organic impurities. This was achieved using only simple 
extraction and washing steps applied to the crude photolysate. To 
enhance the sustainability of the process, future work could focus on 
replacing diethyl ether with greener solvent alternatives—such as ethyl 
acetate or 2-methyltetrahydrofuran—and exploring catalyst recycling 
strategies. In particular, p-toluenesulfonic acid could be recovered from 
the aqueous phase following benzoic acid removal via further acidifi
cation and crystallization.

Potential bottlenecks for scaling up the fed-batch fermentation 
include oxygen transfer limitations, due to the high oxygen demand of 
benzoate catabolism. Maintaining adequate DO levels at larger scale 
may require improved aeration and mixing. Precise glucose and ben
zoate feeding, crucial to the dynamic control strategy, may be harder to 
regulate due to slower sensor response and mixing delays. Additionally, 
metabolic stress from high MA or benzoate concentrations could 
intensify, especially with crude feedstocks that may contain inhibitors. 
While P. putida MA-11 improves robustness and carbon efficiency, its 
performance under industrial-scale stress remains to be validated. 
Finally, feedstock variability poses challenges that may require further 
purification or strain engineering. Addressing these scale-up bottlenecks 
will be essential to transition to robust, industrially viable production. 
To support this transition, future research should integrate life cycle 
assessment (LCA) and techno-economic analysis (TEA) to evaluate the 
environmental and economic performance of the full process chain. 
These tools will help identify sustainability hotspots, prioritize process 
improvements, and demonstrate the viability of polystyrene-to-nylon 
conversion as a competitive and circular alternative to fossil-based 
routes. Existing LCA and TEA studies on lignin aromatics-based [80] 
and plastic-based platform chemicals [81] might offer valuable meth
odological guidance and benchmarks that can inform future assessments 
of polystyrene-based value chains.
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Fig. 6. Biological upcycling of polystyrene and textile waste into ready-to-use plastic monomers and polymers. Proof-of-concept demonstration of a polystyrene-to- 
nylon value chain encompassing cascaded chemical deconstruction, biological upcycling, chemical diversification, and final nylon polymerization (A). MA as a 
versatile platform building block for fully waste-based polyester polyols, polyamides, and aromatic polyesters (B). Polystyrene-waste image created by iStock.com/ 
Dante Castillo; textile-waste image created by iStock.com/joruba.
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While microbial depolymerization of polystyrene is an increasingly 
active research area, it currently suffers from major limitations: the 
process often requires weeks to months for observable weight loss, is 
typically confined to surface erosion, and lacks the efficiency needed for 
true bulk polymer degradation [82]. As such, it is not yet viable as a 
consolidated industrial solution. However, advanced microbial depoly
merization, particularly when integrated with upstream chemical 
depolymerization, could represent a compelling next step [83]. 
Although the molecular weight of polystyrene decreased significantly 
during the photolytic depolymerization process used here, some oligo
meric fragments of up to about 5–7 units remained after 7 days. 
Transforming these residual oligomers—alongside the monomer
s—through biological conversion within a hybrid chemical–biological 
recycling framework could enhance overall process performance, 
though it would require extensive enzyme engineering and metabolic 
optimization [84].

4.2. Insights into metabolic pathways under production conditions

A key finding of this study was that intracellular carbon fluxes in 
P. putida under stressful production conditions significantly deviated 
from those in normally growing cells and dynamically adapted 
throughout the process to counteract the progressively increasing stress 
caused by the accumulation of MA. Although P. putida is renowned for 
its resilience under industrial-scale stress conditions [85,86], prolonged 
exposure to inhibitory substrates and product concentrations leads to 
severe ATP and redox limitations (Fig. 2). As a result, the cells activate 
native escape mechanisms to mitigate the metabolic burden [87]. The 
conversion flux from benzoate to MA was drastically reduced (Fig. 2).

Transcriptomic and enzymatic analyses revealed that the observed 
downregulation of the benzoate degradation pathway under high stress 
was linked to repression of genes encoding benzoate transporters, pu
tatively as a protective mechanism to limit further intracellular accu
mulation of the toxic substrate (Fig. 3). In contrast, genes encoding 
enzymes responsible for the downstream conversion and detoxification 
of benzoate into MA were upregulated, indicating a cellular strategy to 
process internalized benzoate efficiently while restricting additional 
influx. Genes of the ben operon are transcribed from different mRNAs, 
which could be a molecular basis for the observed decoupled expression. 
As a result, cells exposed to severe benzoate stress exhibited a 13-fold 
reduction in their ability to convert benzoate, as determined by in- 
vivo degradation assays (Fig. 3B). This finding closely mirrored the 
11-fold decrease in pathway flux quantified by 13C metabolic flux 
analysis (Fig. 2). Further research is needed to fully resolve this regu
latory landscape [88]. Beyond transcriptional control, metabolite-level 
thermodynamic regulation has also been shown to influence fluxes in 
central carbon metabolism during the utilization of sugars and aromatics 
in P. putida [89] and related microbes [90]. These findings highlight the 
value of integrated multi-omics approaches for future investigations.

Clearly, benzoate acted as uncoupler of respiration and inhibitor of 
the electron transport chain [53,91]. The activation of periplasmic 
oxidation of glucose emerged as a central defense route against this 
stress. This flux change is a well-known, actively orchestrated survival 

Table 4 
Molar mass and thermal properties of solid-phase polymerized PA66 produced 
from commercial adipic acid and hexamethylenediamine of petrochemical 
origin as well as fermentation-based monomers. The latter monomers were 
obtained from MA, which was upcycled from benzoate through a fermentative 
route using metabolically engineered P. putida MA-1. Molar mass characteristics 
were determined by SEC, and thermal analyses were performed by DSC.

Polymer properties Upcycled PA66 Petrochemical PA66

Mn,SEC (kg mol− 1)c 10.6 10.7
Mw,SEC (kg mol− 1)c 44.2 48.3
Đc 4.2 4.5
Tm (◦C)a 262.3 261.7
Tc (◦C)a 231.0 230.3
ΔHc (J g− 1) 68.1 68.0
Crystallinity (%)b 30.1 30.1

a The stated temperatures correspond to the peak maxima.
b The crystallinity was calculated as ΔHc divided by the known value of 226 J 

g− 1 for ΔHm of 100 % crystalline PA66 [112].
c The value was assessed by SEC in hexafluoro isopropanol (HFiP) against 

PMMA standards.

Table 5 
Performance of benzoate-based MA production processes using metabolically engineered P. putida. The 
given MA titer corresponds to the highest reported value. PV corresponds to the average space-time yield, 
calculated from the final titer divided by the process duration (*values estimated from reference assuming 
complete glucose conversion, n. a. – not accessible; B – Batch, FB – Fed-batch, pH – pH-based benzoate feeding, 
DO – dissolved oxygen-based benzoate feeding, EX – exponential feeding, AD – adaptive feeding, CO – benzoa
te–glucose cofeeding). The given circularity of a process concept refers to the raw materials used: fossil ben
zoate, first-generation glucose; waste-based benzoate, first-generation glucose; waste-based benzoate, 
waste-based glucose.

a Vardon et al. [113], b Kim et al. [114], c Bang et al. [115].
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strategy of P. putida to different types of stress [92,93]. Physiologically, 
this metabolic shift rapidly generates energy while depleting glucose, 
which is an easily degradable carbon source, and results in the accu
mulation of gluconate and 2-ketogluconate, which are less accessible to 
competing microbes [93]. From a bioprocessing perspective, periplas
mic glucose oxidation appeared suboptimal since it diverted carbon 
away into byproducts and reduced the overall process efficiency. 
However, the genetic elimination of this pathway significantly impaired 
growth and overall performance, highlighting its critical role in main
taining the metabolic balance (Fig. 2, Fig. 4). The key to sustaining 
periplasmic oxidation while minimizing its drawbacks was to carefully 
regulate glucose availability through dynamic feeding, providing an 
optimal trade-off. By restricting glucose flux into the periplasm to a level 
that could be fully redirected into the cytosol for further breakdown, the 
process ensured efficient glucose metabolism without excessive carbon 
loss to byproducts (Fig. 4). To further improve redox and energy bal
ances, future strategies might consider introducing the glucose facili
tator Glf to replace the ATP-consuming ABC transporter, enabling 
passive glucose uptake and reducing energy demand [94]. Additionally, 
expressing NADPH-specific GapN would generate NADPH directly from 
glyceraldehyde-3-phosphate [95,96], supporting redox balance under 
production stress. Both interventions target key bottlenecks identified in 
the flux analysis and seem promising next steps for strain optimization.

In industrial fed-batch processes for chemical production, perfor
mance typically declines in the later stages as the product levels accu
mulate. For various engineered microbes [49,51,95,97–100], including 
P. putida-based cell factories [18,21] (Table 5), an initially high pro
duction rate during the early feed phase gradually decreases, leading to 
reduced product formation and metabolic activity over time. In many 
cases, elevated product concentrations, particularly organic acids [101], 
including MA [102], have been found to exert toxic effects on cells 
[95,97–99,103]. However, the underlying metabolic effects often 
remain unresolved, and processes are often empirically designed [104]. 
Based on these challenges, these processes should be analyzed in more 
detail at the flux level to identify the underlying metabolic challenges 
and limitations and to ultimately enable the design of superior strains 
and bioprocess strategies hand-in-hand.

As demonstrated, the precision fermentation strategy enhanced 
cellular metabolic capacity and enabled high MA titers by dynamically 
dosing glucose to limit growth while optimizing energy generation. This 
process allowed the production of up to 450 mM MA (Fig. 4), 
approaching the maximum tolerated concentration of 500 mM. Impor
tantly, it mitigated key inhibitory effects of MA on glucose metabolism, 
particularly the shift toward low-energy glucose use and the secretion of 
gluconate and 2-ketogluconate (Fig. 2). However, the strategy did not 
fully overcome all possible inhibitory effects, such as disruption of the 
proton gradient. To address these limitations, additional efforts are 
required. Adaptive laboratory evolution may yield strains with 
enhanced MA tolerance [105], and cell recycling could support high- 
density cultures to offset reduced activity [106]. Alternatively, process 
designs such as in situ product removal or continuous fermentation 
could help maintain lower MA concentrations during production, albeit 
at the cost of increased process complexity.

4.3. Key advantages of the novel process

At the core of the developed value chain, the fed-batch fermentation 
process, which incorporates dynamically optimized glucose and ben
zoate feeding strategies, achieved a record-high MA titer of over 65 g L− 1 

from these substrates (Table 5). This represents the highest reported 
value to date and was accompanied by impressive volumetric pro
ductivities and carbon-based yields; these results highlighted the effi
ciency of the developed approach. Several critical design principles 
enabled the success of this process. Importantly, the selection of an 
optimal chassis strain—the engineered P. putida strains—demonstrated 
exceptional robustness and efficiency in converting PS-derived benzoate 

into MA. Notably, these strains tolerated benzoate and other PS- 
associated aromatics, such as benzaldehyde and benzyl alcohol, up to 
levels of 30 mM, supporting their suitability for applications where 
prolonged exposure to such substrates is common. Second, a striking 
advantage was the systems biology-guided fermentation process 
concept, which specifically keeps cells in an optimum metabolic state 
during production. The genome-reduced strain P. putida MA-11 and the 
periplasmic pathway mutant MA-12 were shown to be advantageous in 
enhancing process efficiency while reducing resource requirements. 
Their optimized metabolic performance improved the overall yield; 
thus, the process was economically viable and environmentally sus
tainable, even though strain MA-12 failed to reach the high MA titers of 
strains MA-1 and MA-11. While genome-reduced P. putida strains 
demonstrated advantages under the demanding fermentation condi
tions, such as MA-11 production (this study), catechol-based MA feed- 
batch production [21], and energy-intensive protein synthesis [32], 
other production scenarios showed no significant performance differ
ences between the genome-reduced strains and their parental wild-type 
strains [107]. At first glance, this result could seem contradictory; 
however, the impact of genome reduction likely depended on the spe
cific metabolic and environmental challenges encountered in each 
production setting. We concluded that the native robustness and meta
bolic versatility of P. putida enabled it to withstand many challenging 
production environments. Our 13C metabolic flux data demonstrated 
that cells could effectively adapt to moderate stress conditions by 
dynamically readjusting pathway fluxes and adapting their energy and 
redox supplies (Fig. 2, Fig. S16, Fig. S17). However, under highly 
demanding conditions, such as nutrient limitation, prolonged exposure 
to toxic aromatic compounds, elevated product accumulation, and the 
physiological decline of aged cells after numerous doublings from the 
initial seed train, this adaptability could reach its limits. In these sce
narios, genome reduction strategies could increase P. putida perfor
mance by eliminating unnecessary regulatory burdens, streamlining 
metabolic processes, and improving stress tolerance.

5. Conclusions

This study demonstrates an integrated framework for upcycling 
polystyrene waste into high-value chemicals and polymers through the 
combined use of metabolically engineered microorganisms and chemi
cal synthesis. The conversion of PS-derived benzoate into muconic acid, 
followed by chemical transformation into nylon-6,6, establishes an 
effective microbial–chemical route for plastic waste valorization. These 
results confirm the feasibility of hybrid strategies for transforming 
polystyrene into industrially relevant products, complementing recent 
studies for plastic waste upcycling [108–110].
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design-based systems metabolic engineering of Corynebacterium glutamicum for l- 
lysine production, Metab. Eng. 13 (2) (2011) 159–168, https://doi.org/10.1016/ 
j.ymben.2011.01.003.

[50] H. Driouch, G. Melzer, C. Wittmann, Integration of in vivo and in silico metabolic 
fluxes for improvement of recombinant protein production, Metab. Eng. 14 (1) 
(2012) 47–58, https://doi.org/10.1016/j.ymben.2011.11.002.

[51] S.L. Hoffmann, L. Jungmann, S. Schiefelbein, L. Peyriga, E. Cahoreau, J. 
C. Portais, J. Becker, C. Wittmann, Lysine production from the sugar alcohol 
mannitol: design of the cell factory Corynebacterium glutamicum SEA-3 through 
integrated analysis and engineering of metabolic pathway fluxes, Metab. Eng. 47 
(2018) 475–487, https://doi.org/10.1016/j.ymben.2018.04.019.

[52] S.K. Schwechheimer, J. Becker, L. Peyriga, J.C. Portais, C. Wittmann, Metabolic 
flux analysis in Ashbya gossypii using (13)C-labeled yeast extract: industrial 
riboflavin production under complex nutrient conditions, Microb. Cell Factories 
17 (1) (2018) 162, https://doi.org/10.1186/s12934-018-1003-y.

[53] P.H. Lou, B.S. Hansen, P.H. Olsen, S. Tullin, M.P. Murphy, M.D. Brand, 
Mitochondrial uncouplers with an extraordinary dynamic range, Biochem. J. 407 
(1) (2007) 129–140, https://doi.org/10.1042/bj20070606.

[54] E. Martínez-García, V. de Lorenzo, Pseudomonas putida as a synthetic biology 
chassis and a metabolic engineering platform, Curr. Opin. Biotechnol. 85 (2024) 
103025, https://doi.org/10.1016/j.copbio.2023.103025.

[55] E. Martinez-Garcia, P.I. Nikel, T. Aparicio, V. de Lorenzo, Pseudomonas 2.0: 
genetic upgrading of P. putida KT2440 as an enhanced host for heterologous gene 
expression, Microb. Cell Factories 13 (2014) 159, https://doi.org/10.1186/ 
s12934-014-0159-3.

[56] G.J. Bentley, N. Narayanan, R.K. Jha, D. Salvachúa, J.R. Elmore, G.L. Peabody, B. 
A. Black, K. Ramirez, A. De Capite, W.E. Michener, Engineering glucose 
metabolism for enhanced muconic acid production in Pseudomonas putida 
KT2440, Metab. Eng. 59 (2020) 64–75.

[57] R.J. Gaymans, Polyamides, in: M.E. Rogers, T.E. Long (Eds.), Synthetic Methods 
in Step-growth Polymers, John Wiley & Sons, Inc, 2003, pp. 135–195.

[58] C.D. Papaspyrides, Solid state polyamidation of aliphatic diamine-aliphatic diacid 
salts: a generalized mechanism for the effect of polycondensation water on 
reaction behaviour, Polymer 31 (3) (1990) 490–495, https://doi.org/10.1016/ 
0032-3861(90)90391-B.

[59] A.M. Rhoades, J.L. Williams, R. Androsch, Crystallization kinetics of polyamide 
66 at processing-relevant cooling conditions and high supercooling, Thermochim. 
Acta 603 (2015) 103–109, https://doi.org/10.1016/j.tca.2014.10.020.

[60] E. Roerdink, J.M.M. Warnier, Preparation and properties of high molar mass 
nylon-4,6: a new development in nylon polymers, Polymer 26 (10) (1985) 
1582–1588, https://doi.org/10.1016/0032-3861(85)90098-9.

[61] Z. Xu, D. Sun, J. Xu, R. Yang, J.D. Russell, G. Liu, Progress and challenges in 
polystyrene recycling and upcycling, ChemSusChem 17 (17) (2024) e202400474, 
https://doi.org/10.1002/cssc.202400474.

[62] N. Chaukura, W. Gwenzi, T. Bunhu, D.T. Ruziwa, I. Pumure, Potential uses and 
value-added products derived from waste polystyrene in developing countries: a 
review, Resour. Conserv. Recycl. 107 (2016) 157–165, https://doi.org/10.1016/ 
j.resconrec.2015.10.031.

[63] J. Zheng, S. Suh, Strategies to reduce the global carbon footprint of plastics, Nat. 
Clim. Chang. 9 (5) (2019) 374–378, https://doi.org/10.1038/s41558-019-0459- 
z.

[64] J.-G. Rosenboom, R. Langer, G. Traverso, Bioplastics for a circular economy, Nat. 
Rev. Mater. 7 (2) (2022) 117–137, https://doi.org/10.1038/s41578-021-00407- 
8.

[65] H.Y. Leong, C.-K. Chang, K.S. Khoo, K.W. Chew, S.R. Chia, J.W. Lim, J.-S. Chang, 
P.L. Show, Waste biorefinery towards a sustainable circular bioeconomy: a 
solution to global issues, Biotechnol. Biofuels 14 (1) (2021) 87, https://doi.org/ 
10.1186/s13068-021-01939-5.

[66] J.A. Lee, J.Y. Kim, J.H. Ahn, Y.-J. Ahn, S.Y. Lee, Current advancements in the bio- 
based production of polyamides, Trends Chem 5 (12) (2023) 873–891, https:// 
doi.org/10.1016/j.trechm.2023.10.001.

[67] J.W. Lee, H.U. Kim, S. Choi, J. Yi, S.Y. Lee, Microbial production of building block 
chemicals and polymers, Curr. Opin. Biotechnol. 22 (6) (2011) 758–767, https:// 
doi.org/10.1016/j.copbio.2011.02.011.

[68] J. de Witt, T. Luthe, J. Wiechert, K. Jensen, T. Polen, A. Wirtz, S. Thies, 
J. Frunzke, B. Wynands, N. Wierckx, Upcycling of polyamides through chemical 
hydrolysis and engineered Pseudomonas putida, Nat. Microbiol. 10 (3) (2025) 
667–680, https://doi.org/10.1038/s41564-025-01929-5.

[69] J. de Witt, M.-E. Ostheller, K. Jensen, C.A.M.R. van Slagmaat, T. Polen, G. Seide, 
S. Thies, B. Wynands, N. Wierckx, Increasing the diversity of nylonases for poly 
(ester amide) degradation, Green Chem. 26 (18) (2024) 9911–9922, https://doi. 
org/10.1039/D4GC01662A.

[70] R. Wei, G. Weber, L.M. Blank, U.T. Bornscheuer, Process insights for harnessing 
biotechnology for plastic depolymerization, Nat. Chem. Eng. 2 (2) (2025) 
110–117, https://doi.org/10.1038/s44286-024-00171-w.

[71] I. Khalil, G. Quintens, T. Junkers, M. Dusselier, Muconic acid isomers as platform 
chemicals and monomers in the biobased economy, Green Chem. 22 (5) (2020) 
1517–1541, https://doi.org/10.1039/C9GC04161C.

[72] S. Jiang, Y. Chen, Y. Huang, P. Hu, Photooxidation of polystyrene into high-value 
chemicals, Eur. J. Org. Chem. 28 (4) (2025) e202401109, https://doi.org/ 
10.1002/ejoc.202401109.

[73] N.F. Nikitas, E. Skolia, P.L. Gkizis, I. Triandafillidi, C.G. Kokotos, Photochemical 
aerobic upcycling of polystyrene plastics to commodity chemicals using 
anthraquinone as the photocatalyst, Green Chem. 25 (12) (2023) 4750–4759, 
https://doi.org/10.1039/D3GC00986F.

[74] O.G. Mountanea, E. Skolia, C.G. Kokotos, Photochemical aerobic upcycling of 
polystyrene plastics via synergistic indirect HAT catalysis, Chem. Eur. J. 30 (44) 
(2024) e202401588, https://doi.org/10.1002/chem.202401588.

[75] E. Xu, T. Liu, F. Xie, J. He, Y. Zhang, Aerobic oxidation of alkylarenes and 
polystyrene waste to benzoic acids via a copper-based catalyst, Chem. Sci. 16 (4) 
(2025) 2004–2014, https://doi.org/10.1039/D4SC03269A.

[76] M. Zhang, P. Roth, Flow photochemistry — from microreactors to large-scale 
processing, Curr. Opin. Chem. Eng. 39 (2023) 100897, https://doi.org/10.1016/ 
j.coche.2023.100897.

[77] E.G. Gordeev, K.S. Erokhin, A.D. Kobelev, J.V. Burykina, P.V. Novikov, V. 
P. Ananikov, Exploring metallic and plastic 3D printed photochemical reactors for 
customizing chemical synthesis, Sci. Rep. 12 (1) (2022) 3780, https://doi.org/ 
10.1038/s41598-022-07583-9.

[78] J.P. Menzel, B.B. Noble, J.P. Blinco, C. Barner-Kowollik, Predicting wavelength- 
dependent photochemical reactivity and selectivity, Nat. Commun. 12 (1) (2021) 
1691, https://doi.org/10.1038/s41467-021-21797-x.
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