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merizability. This study explores a complete process chain for micro-

bial 4-hydroxyphenylacetic acid (4HPAA) production from glucose Bioprocess development

using Pseudomonas taiwanensis. Multiple biosynthetic pathways were

engineered, enabling efficient 4HPAA production with a yield of up
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purification of 4HPAA but, more importantly, provided valuable Strain engineering
insights into the effects of purification on subsequent polymerization

of the monomer. The effects of strain engineering, scale-up, and purification on the purity of 4HPAA were assessed. Multiple 4HPAA
samples from different downstream processing stages were polymerized and compared regarding the molecular weights and color of
the resulting polymers. The use of bio-based 4HPAA with purities of >95% produced polymers comparable to a high-purity commercial
4HPAA. Overall, this study demonstrates the importance of an integrated approach of strain development, up- and downstream process

engineering, and polymer science to enable sustainable production of bio-based monomers.
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B INTRODUCTION Bio-based building blocks provide access to interesting prop-
erties derived from nature, such as a much higher level of func-
tionality and molecular structures that are typically more benign
to the environment, i.e., they are biodegradable under environ-
mentally relevant conditions. One approach to increase the
degradability of plastic materials is to incorporate linkers
in the backbone that are more rapidly hydrolyzed than the
base polymer.*'” Biotechnological production processes can
provide a broad range of monomers'' that are particularly
well-suited for this approach. 4-Hydroxyphenylacetic acid
(4HPAA) is an example of such a building block that can be
produced from renewable substrates through microbial whole-
cell catalysis.'” It is an aromatic AB-type monomer that, when

There is a growing requirement for replacing fossil-based com-
modity polymers with bio-based alternatives derived from
renewable sources, produced with the help of plants and
microbes.' ™ However, this substitution process is not straight-
forward. The preparation of commodity polymers from fossil-
based raw materials has been optimized for more than 70 years
and with the current oil prices, emerging renewable processes
are easily outcompeted.' In new processes, all aspects of the
production from the initial target molecule to scaling the pro-
cess and polymerizing this into the final material need to be
considered. Although it is currently possible to prepare several
commodity polymers from renewable sources that are indistin-
guishable in properties to their fossil counterparts, the exploi-

tation of new interesting building blocks for innovative Received: May S, 2026 p
bio-based polymers is rarely demonstrated across multiple dis- Revised:  June 20, 2026 §usrrglhgableg
ciplines and scales.”®” For efficient processes to be developed Accepted:  June 23, 2026 R
to produce bio-based polymers, there is a need to investigate Published: July2,2026

not only each discrete part of the process but also to approach

the entire process chain and optimize across the different

stages of the process.
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incorporated into polyesters at moderate levels, has been
reported to accelerate their hydrolysis."?

Tailoring the degradation behavior of polyesters is com-
monly achieved through specialty synthesis incorporating func-
tional moieties directly into the polymer backbone, as was
recently demonstrated for 4HPAA.® As an alternative to such
monomer-level modification, oligomeric poly(4-hydroxypheny-
lacetic acid) (PHPAA) offers a simple and effective additive-
based strategy. Due to its liquid crystalline behavior, oligomeric
PHPAA can be directly incorporated into commercial polyes-
ters such as PLA in a melt-stage process, reducing hydrolysis
times from weeks to days while preserving the parent polymer’s
mechanical properties."* This is consistent with literature
reports stating that the combination of phenolic and aliphatic
esters in the polymer backbone leads to polymers that hydro-
lyze significantly faster than all-aromatic or all-aliphatic polyes-
ters.'>'¢  Oligomeric PHPAA is therefore considered a
valuable additive to expedite composting or controlled degrada-
tion into monomers. For such a use, it is important that the
monomer can be prepared with high specificity and that the
preparation can be scaled to industrially relevant amounts with
a purity that enables performance similar to the commercially
available petrochemical analogue.

Here, we demonstrate that the specific bio-based production
of 4HPAA with engineered Pseudomonas taiwanensis can be
scaled to industrially relevant amounts of a high-purity product
that polymerizes as well as the commercial fossil-based alterna-
tive in a polycondensation reaction. Importantly, we observed
that even intermediates having a lower formal purity polymerize
efficiently, provided that the impurities do not interfere with the
polycondensation reaction. This has implications for the
amount of processing steps required and thus, ultimately, for
the price of the raw monomer.

H MATERIALS AND METHODS
Media and Culture Conditions

For routine cultivation of Escherichia coli (for cloning purposes) and P.
taiwanensis, lysogeny broth (LB) medium with 10 g L™" tryptone, 5 g
L yeast extract, and 5 g L™' sodium chloride was used. For the prep-
aration of solid LB plates, 15 g L™" agar was added. E. coli and P.
taiwanensis were incubated at 37 and at 30 °C, respectively, if not stated
otherwise. Mineral salt medium (MSM) adapted from Hartmans et al.'”
with an adjusted buffer concentration was used for initial 4HPAA pro-
duction screenings with the following components per liter: 7.76 g of
K,HPO,, 3.26 g of NaH,PO,, 2.0 g of (NH,),SO,, 0.1 g of MgCL,-6
H,0, 10 mg of EDTA, 2 mg of ZnSO,-7H,0, 1 mg of CaCl,-2 H,0,
S mg of FeSO,-7H,0, 02 mg of Na,MoO,2 H,0, 02 mg of
CuSO,-S H,0, 04 mg of CoCl,-6 H,0, and 1 mg of MnCl,-2H,0.
For the media optimization and scale up process, the phosphate buffer
components were adjusted to 166 g L' KH,PO, and 3.8 g L'
Na,HPO, to increase the buffer capacity and to achieve an initial pH
of 6.1 instead of 7.0. Glucose served as the sole carbon and energy source
with varying concentrations as indicated for the individual cultivations.
Antibiotics were added to the medium when required to ensure selective
conditions. Kanamycin sulfate and Irgasan were applied at concentrations
of 50 and 25 mg L', respectively. E. coli DHSa Apir pTNS1 was grown
on LB with 100 mg L™" ampicillin sodium salt. For the cultivation of
4HPAA-producing P. taiwanensis strains that harbor a chromosomal
kanamycin resistance marker, kanamycin was added to the precultures
but omitted in the main cultures.

The initial screening of the different 4HPAA production strains
was performed using unbaffled 500 mL shake flasks with a filling vol-
ume of 50 mL in a horizontal rotary shaker with a throw of S0 mm
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and a shaking frequency of 200 rpm. The metabolic activity was deter-
mined in shake flask cultures using the TOM system (Adolf Kiihner
AG, Switzerland).

For the first preculture, a 100 mL unbaffled Erlenmeyer flask con-
taining 10 mL of LB medium was inoculated with 1 mL of cryogenic
culture. The preculture was incubated at 30 °C and 200 rpm with a
S50 mm shaking diameter (ISF1-X, Adolf Kithner AG, Birsfelden,
Switzerland) until a minimal optical density at 600 nm (ODy,) of 2
was reached during the exponential growth phase. Yeast extract
SERVABACTER and tryptone/peptone ex casein for the LB medium
were supplied by SERVA Electrophoresis GmbH (Heidelberg,
Germany) and Carl Roth GmbH & Co. KG (Karlsruhe, Germany).
For the second preculture, MSM as described above was used with dif-
ference in following concentration: 10 g L™" glucose. The second pre-
culture was cultivated at an initial pH 6.1 in 2 L unbaffled Erlenmeyer
flasks with 300 mL of MSM and inoculated with 0.5% (v/v) from the
first preculture. The second precultures were incubated at 300 rpm
with a S0 mm shaking diameter (ISF1-X, Adolf Kiihner AG,
Birsfelden, Switzerland) for 72 h. In contrast to the first preculture,
incubation temperature was decreased to 25 °C to decelerate oxygen
consumption. The main culture was inoculated from the second pre-
culture to an initial ODy,, of 0.2.

All 30 L scale cultures were conducted in a baffled stainless steel
bioreactor (BIOSTAT D-DCU, Sartorius AG, Goettingen, Germany)
equipped with a pH probe (EasyFerm Plus, Hamilton Bonaduz AG,
Bonaduz, Switzerland), an optical dissolved oxygen (DO) probe
(OxyFerm FDA, Hamilton Bonaduz AG, Bonaduz, Switzerland), and
two six-bladed Rushton turbines. Oxygen uptake and CO, formation
were measured online by an off-gas analyzer (Rosemount
X-STREAM Enhanced XEGK Continuous Gas Analyzer, Emerson
Electric Co., Saint Louis Missouri, USA). The main culture was con-
ducted at the following conditions: T = 30 °C, initial filling volume =
1S L, pH = 6.1 + 0.05 controlled by NH,OH and H;PO,, aeration
rate = 0.67 vvm; DOT (dissolved oxygen tension) >20% (stirrer con-
trol during the batch phase, substrate control during the feeding phase
with an exponential stirrer profile of s,%e****™, and an initial stirrer
speed of s, = 274 rpm). The composition of the main fermenter batch
medium was the following (in g L™ for components or mL L™" for
stock solutions) 16.6 KH,PO, and 3.8 Na,HPO,, 20 medium
salts stock, 20 glucose stock, and 10 ammonium sulfate stock. The glu-
cose stock solution contained S50 g L' glucose monohydrate.
Ammonium sulfate stock solution contained 200 g L (NH,),SO,.
The main fermenter fed-batch medium (in g L™ for components or
mL L™ for stock solutions) contained 442 glucose and 200 medium salt
stock solution. The used medium salts stock solution was of composition
(in g L") 2.54 Na,EDTA-2 H,0, 20 MgCl,-6 H,0, 0.4 ZnSO,-7 H,0,
02 CaCly2 H,0, 1 FeSO,7 H,0, 0.04 Na,MoO,2 H,O, 0.04
CuSO,-5 H,0, 0.08 CoCl,-6 H,0, and 0.24 MnCl,-4 H,O. Finally,
the kanamycin stock solution contained 50 g L™" kanamycin.

The workflow at 1500 L scale differed from the 30 L scale fermen-
tation as described in the following: the second preculture was culti-
vated in 2 L unbaffled Erlenmeyer flasks with 500 mL of MSM and
inoculated with 0.5% (v/v) from the first preculture. The second pre-
cultures were incubated at 200 rpm with a 50 mm shaking diameter
for 70 h at 30 °C. An additional third preculture was prepared in a
150 L stainless steel fermenter to produce a sufficient amount of P.
taiwanensis GRC3AS-TYR3-attTn7::P,,rtdc-tyo cells, to inoculate in
the 1500 L main fermenter. For the third preculture and main fermen-
ter, 5% (v/v) of inoculum was used. The 150 L seed fermenter was
kept at 30 °C, pH at 6.1, aeration at 0.7 vvm, pressure at 0.5 bar, and
DO at 20% by stirrer cascade using tip speed between 1 and 5 m s™".
Cells in the seed fermenter were cultivated until glucose depletion
and ODy, is higher than 6. The main fermentation contained a batch
phase of 30 h, followed by a fed-batch phase with glucose feed medium
feeding until the end of the fermentation. The fed-batch phase used a
linear feeding strategy in which the feed rate gradually increased from
0.8 to 4.6 kg h™" over a 30 h period. The equipment used to perform
the fed-batch addition differs depending on the scale. On this scale, for
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feed rates ranging from 0.8 to 3.3 kg h ™", glucose feed was prepared sep-
arately and filter-sterilized through a 0.2 pm inline filter into a previously
autoclaved Nalgene bottle. For feed rates higher than 3.3 kg kg h, glu-
cose feed was prepared in a stirred stainless steel mobile tank and filter-
sterilized through 1 and 0.2 pm sterile candle filters via a fixed sterile
feedline into the fermenter.

The composition of the first, second, and third preculture media, as
well as their sterilization protocols were analogous to ones described
for the 30 L scale fermentation. Reverse osmosis water was used as pro-
cess water, and NH,OH and H,PO, were used for pH control, while
Antifoam 204 (Sigma-Aldrich) was added as a shot upon foaming anal-
ogous to the 30 L scale fermentation.

Plasmid Cloning and Strain Engineering

The pBG14f FRT Kan-derived mini-Tn7 transposon delivery plas-
mids were constructed using the NEBuilder HiFi DNA Assembly
Master Mix (New England Bioloabs) that applies the methodology
of Gibson cloning. The DNA fragments used for the assembly reac-
tions were either amplified using the QS High-Fidelity 2X Master
Mix (New England Biolabs) or synthesized as gBlock Gene
Fragments (Integrated DNA Technologies). The coding sequence of
arol0, aas, tdc, and tyo were codon-optimized for P. taiwanensis
VLB120 using the OPTIMIZER online tool'® according to the work-
flow described in Wynands et al."” The mini-Tn7 transposons encod-
ing the 4HPAA production modules were site-specifically integrated
into the chromosome of P. taiwanensis GRC3AS-TYR2 and
GRC3AS-TYR3 at the Tn7 attachment site (attTn7) in four-parental
mating procedures as described in Wynands et al.'"’ The mating
lawn comprised the respective P. taiwanensis recipient, the E. coli
HB101 pRK2013 helper strain, transposase-providing E. coli DHSx
Apir pTNSI, and the respective E. coli PIR2 donor harboring
the pBG14f FRT Kan-derived plasmids. Successful integration into
the attTn7 site was confirmed by diagnostic colony PCRs using the
OneTaq 2X Master Mix with Standard Buffer (New England
Biolabs). All strains and plasmids applied in this study are shown in
Table 1 and Table S2 (Supporting Information), respectively.

Analytics

Optical densities were measured at a wavelength of 600 nm (ODy,)
using an Ultrospec 10 photometer (Biochrom) for the initial shake flask
screening experiment, a UV/Vis spectrophotometer GENESYS 40
(Thermo Fisher, Darmstadt, Germany) during the upscaling to the
30 L scale, and an Agilent Cary 60 spectrophotometer at 1500 L scale.

Substrate and product concentrations were detected and quantified
by HPLC as outlined in more detail in the Supporting Information. At
technical scale (1500 L), the fermentation broth was checked daily for
contamination by performing the Gram staining protocol on sterile fer-
mentation samples.

The off-gas data of the main fermenter (N,, O,, and CO, concen-
trations) measured using a Thermo Fisher Primapro central off-gas
analyzer was used to calculate the oxygen uptake rate (OUR), the car-
bon dioxide evolution rate (CER), and the respiratory quotient (RQ).
Offline pH was measured with a Hanna HI99121 portable pH meter.
The CDW was measured using a Sartorius MA37 Moisture Analyzer,
by measuring washed pellet weight separated from S mL of fermenta-
tion broth.

The pH in DSP was measured offline with a Hanna HI99121 porta-
ble pH meter. The dry matter content (expressed as % (w/w)) was
determined on a moisture analyzer Sartorius MA37. The pellet volume
percentage was determined visually after centrifuging a 40 mL sample
on a Heraeus Multifuge X3R lab centrifuge at 4700 rpm for S min.

Product Purification at 30 L Scale

The fermentation broth was centrifuged in a discontinuous beaker cen-
trifuge Beckman Coulter JXN-26 with a rotor JLA 8.1000 at 8000 rpm
(15970 g) at 4 °C for 20 min to obtain the supernatant after decanting.
The pH was adjusted to 2.9 + 0.1 with 20 % (v/v) H,SO,. 4HPAA was
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extracted with ethyl acetate at a ratio of 1:1 (v/v) in a glass vessel with
a stirrer. After 10 min, the stirrer was switched off to allow phase sep-
aration for 1 h. The phases were separated gravitationally to perform a
second extraction with the aqueous phase as previously described. Both
organic phases were pooled and concentrated in a rotary evaporator
(Biichi Rotavapor R 220SE, bath temperature 40—45 °C, and S0-
80 rpm) until first crystals could be observed (approx. 280 g L™"). The
suspension was cooled down slowly at room temperature with slow rota-
tion, afterward overnight at 4 °C without agitation. The crystals were
recovered via vacuum filtration with a glass frit (pore G3) and washed
with 5-10% cold (4-6 °C) ethyl acetate. The permeate was checked
for crystals after cooling down to 4 °C. The obtained product was dried
in a vacuum drying oven at 40 °C for 16-20 h. For recrystallization, the
4HPAA was dissolved in water (>280 g L™") and heated up in a round
bottom flask with reflux condenser. Crystallization was performed on
an ice bath. The filtration and drying steps were performed as
described above.

Product Purification at 1500 L Scale

The fermentation broth was cooled down to 10 °C to preserve cell via-
bility and delay lysis that may negatively affect the yield of the separa-
tion process. Cells were removed by a disc stack centrifuge (Alfa Laval
VNPX 510sGD-34GS, Sweden). The feed rate and discharge time
were set to 1500 L h™" and 4 min, respectively.

Ultrafiltration was performed on a Uniq Ultra Bioflavone filtration
unit equipped with six PES membranes 10 kDa cut-off (ST-2B-3838,
Synder Filtration, US). A diafiltration strategy was applied to recover
as much product as possible, consisting in the addition of water to
the retentate in continuous mode when the dead volume of the filtra-
tion system was achieved (about SO L). A total of 100 L of water
was added, corresponding to two diafiltration volumes. The cell-free
solution was transferred to a glass-lined chemical reactor (De
Dietrich AE-4000L) to perform the following atmosphere explosible
(ATEX) steps.

The pH of the permeate + diafiltrate mix was adjusted to 2.7 by
adding H,SO, 20% (w/w). Ethyl acetate was then added to reach a
ratio of 1:1 (v/v) permeate:ethyl acetate. Vigorous agitation was
applied for 30 min, followed by 1 h of phase separation with stirrer
off. The water phase (bottom) was recovered gravitationally. The sol-
vent phase was left in the same reactor for vacuum evaporation and
performed under predetermined optimum conditions (S0 °C and
200 mbar) to concentrate the 4HPAA solution. The evaporation
occurred in three stages by transferring sequentially the concentrated
solution to smaller chemical reactors: first stage in a 4000 L reactor
(De Dietrich AE-4000L); second stage in a 500 L reactor (Pfaudler
AE 400); third stage in an 85 L reactor (Heinz Doege 8SL T3).

The concentrated solution (25 L) was first cooled down to room
temperature and then cooled to 4 °C by connecting chilled water to
the reactor jacket. A gentle stirring was applied during crystallization,
which lasted 12 h. The produced crystals were recovered in a PP bag
filter size 2 (cut-off 10 pm, IndusFilter, Belgium). The crystals were
partially dried in the bag filter with a nitrogen flow for 2 h.

The recovered crystals from ethyl acetate were resolubilized in 13 L
of water at 80 °C, then crystallized again at 4 °C (12 h), and recovered
with the same strategy described above. The crystals were finally dried
in an oven (2-Fase-Kammer, Horo Dr. Hoffman, Germany) at 50 °C.
The further concentration of the mother liquor and washing ethyl ace-
tate from the first crystallization step (24 L in total) was performed in
an industrial rotavapor (R-220 EX, Buchi, Switzerland). The crystalliza-
tion of the concentrated solution (9 L) was performed by storing the
solution at 4 °C overnight in a refrigerator, followed by crystals recov-
ery on a sieve (250 mm cut-off). The wet crystals were solubilized in
6 L of water at 80 °C, recrystallized, and recovered as described above.
These crystals were also dried in an oven as for the main batch.

H,SO, 20% (w/w) was prepared starting from H,SO, 96% (w/w)
(Brenntag, Belgium). The technical grade ethyl acetate was provided
by Actu-All Chemicals (The Netherlands).

https://doi.org/10.1021/acssuschemeng.6c05131
ACS Sustain. Chem. Eng. 2026, 14, 12972-12983

920z ¥snbny 61 uo Jasn HOITANI WNYLNIZONNHOSHOL Aq Jpd°LL€1G0-9202-08/21.562099/2 .62 1/82/v | /ipd-ajonie/Bosose/Bi0 soe sgnd wouy papeojumoq


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6c05131/suppl_file/sc6c05131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6c05131/suppl_file/sc6c05131_si_001.pdf
http://pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.6c05131

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Table 1. Bacterial Strains Used in This Study

strain relevant characteristics

E. coli

PIR2 F~ Alac169 rpoS(Am) robAl creCS10 hsdRS14 endA recAl

reference

Thermo Fisher Scientific

uidA(AMIul)::pir; host for oriV(R6K) plasmids

HB101 pRK2013
DHSx Apir pTNS1
P. taiwanensis
GRC3AS-TYR2

HB101 with pRK2013

GRC3, A)pobA, Ah;%
aroF-1""*8% pheA

GRC3AS-TYR2-attTn7::P,arol0
GRC3AS-TYR2-attTn7::Py,-aas
GRC3AS-TYR2-attTn7::Pytdc-tyo
GRC3AS-TYR3
GRC3AS-TYR3-attTn7::P raro10
GRC3AS-TYR3-attTn7::P,-aas
GRC3AS-TYR3-attTn7::P - tdc-tyo

DHS5a Apir with pTNS1

AquiC, AquiCl, AquiC2, trpEPmS,
! ApykA

GRC3AS-TYR2 with attTn7:Kan_FRT P ,rarol0
GRC3AS-TYR2 with attTn7:Kan_FRT_P,,-aas
GRC3AS-TYR2 with attTn7:Kan_FRT_P,-tdc-tyo
GRC3AS-TYR2 with pheA”**

GRC3AS-TYR3 with attTn7::Kan_FRT_P ,-aro10
GRC3AS-TYR3 with attTn7:Kan_FRT_P,raas
GRC3AS-TYR3 with attTn7:Kan_FRT P ,rtdc-tyo

[31’10

Ditt et al.”’
Choi et al**

Wynands et al”> (MiKat #58)

this study (MiKat #824)
this study (MiKat #847)
this study (MiKat #908)
Wynands et al.”> (MiKat #60)
this study (MiKat #828)
this study (MiKat #850)
this study (MiKat #909)

Quantitative NMR

Quantitative NMR (Q-NMR) samples were prepared by weighing 30—
50 mg of 4HPAA (determined to three significant digits) into an NMR
tube. To this was added a solution of maleic acid as an internal stan-
dard in dimethylsulfoxide (approximately 30 mg g™' solvent, deter-
mined to four significant digits). The method was validated using
commercial 4HPAA, giving purities between 95 and 100% for a stated
purity of 98%. All 1H analyses for Q-NMR were carried out on an
80 MHz Spinsolve Benchtop NMR spectrometer (Magritek
Spinsolve 80 Ultra) at 26 °C. 128 scans were acquired using a pulse
angle of 90°, an acquisition time of 6.4 s, and a relaxation delay of
15 s. All measurements were conducted in duplicate.

Thermogravimetric Analysis

Thermal gravitational analysis (TGA) was performed under a nitrogen
atmosphere with a heating rate of 10 °C min~' (Discovery TGA, TA
Instruments, USA).

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measurements were per-
formed on a Discovery DSC (TA Instruments, DE, USA). DSC mea-
surements were conducted at a heating rate of 10 °C min~" under a
nitrogen atmosphere with temperature limits set so that during the first
heating cycle, the sample was heated to a temperature corresponding
to 3% weight loss based on thermogravimetric analysis (TGA) and
during the second, the sample was heated to a temperature corre-
sponding to 5% based on TGA. The DSC curves were analyzed using
TRIOS TA instruments software.

Polymerization

The same synthetic pathway was followed in all the experiments for all
4HPAA samples. To a two-neck round-bottom flask fitted with a
mechanical overhead stirrer attached through a magnetic coupling
was added 4HPAA (S g scale). Based on the measured purity of
4HPAA, the following was added: tin(II)chloride catalyst (SnCl,,
1% mol mol ") and ethylene glycol (EG, 3.5% mol mol ™). The flask
was back-filled with nitrogen and heated to 185 °C under nitrogen
for 18 h. Then, a vacuum of less than 0.01 mbar was applied for 3.5 h.

Size Exclusion Chromatography

Size exclusion chromatography was carried out following a Waters
application note developed for polyamide analysis. The chromato-
graphic system consisted of a Waters Acquity solvent delivery module
and column oven, connected to a Waters PDA TS detector. The col-
umns were a 150 X 4.6 mm Acquity APCTM XT 200 2.5 pm and a
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150 X 4.6 mm Acquity APCTM XT 200 2.5 pm organic size exclusion
chromatography connected in series. All samples were analyzed using a
flow rate of 0.7 mL min " in hexafluoro-2-propanol with 0.1% (w/v)
sodium trifluoroacetate at 50 °C.

Samples were dissolved in the eluent at a concentration of approxi-
mately 5 mg mL™". Ten microliters was injected of each sample after
filtration through a 0.45 pm PTFE filter.

B RESULTS AND DISCUSSION

Establishing Efficient 4HPAA De Novo Production from
Glucose through Microbial Catalysis

Pseudomonas is endowed with several advantageous tolerance
mechanisms toward xenobiotics. This is particularly useful for its
biotechnological application under harsh process conditions, and
it is the reason why Pseudomonas is a well-established microbial
host for the production of aromatics.”*** In the present study,
we selected P. taiwanensis as a host to evaluate bio-based
4HPAA production building on nonauxotrophic tyrosine-
overproducing strains that previously enabled high-yield produc-
tion of hydroxylated aromatics such as 4-coumarate.”” For the
microbial production of 4-hydroxyphenylacetic acid (4HPAA),
multiple different biosynthetic pathways were established.'**%%¢
Efficient de novo synthesis requires an increased flux into the shi-
kimate pathway, which is provided by using the engineered
tyrosine-overproducing P. taiwanensis strain GRC3AS-TYR2
and its derivative GRC3AS-TYR3. The latter harbors an addi-
tional modification in the prephenate dehydratase domain
(PheA™*#) to limit the flux from prephenate to phenylalanine.*”
As Pseudomonas converts phenylalanine to tyrosine, this modifica-
tion is only required if production pathway enzymes show a broad
substrate spectrum and act on nonhydroxylated substrates of the
phenylalanine branch. This is particularly problematic in the pro-
duction of polymer building blocks, where the nonhydroxylated
form will act as a chain terminator. In Wynands et al,,** in glucose,
4HPAA production was low (only 0.4 mM from 20 mM glucose)
and limited by accumulation of unconverted 4-vinylphenol (1.9
mM). In order to optimize 4HPAA biosynthesis, we here
screened different heterologous pathways (shown in Figure 1A)
that all yield 4-hydroxyphenylacetaldehyde, which is oxidized to
4HPAA by the host’s native enzymatic machinery.”> An overview
of all used and generated strains is provided in Table 1. Due to the
broad substrate specificity of the 2-oxo-acid-decarboxylase
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AROI10 from Saccharomyces cerevisiae®” and because side activities
of the other pathways could not be excluded entirely, the produc-
tion modules were tested in GRC3AS-TYR2 and in GRC3AS5-
TYR3 (with pheA”***) to limit potential formation of phenylace-
tate. The production modules were placed under transcriptional
control of a strong constitutive promoter (P, 4f) and chromosom-
ally integrated into the Tn7 attachment site (attTn7).*® The
resulting strains were characterized in shake flask cultivations for
their growth and 4HPAA production from 3.6 gL ™" (20 mM) glu-
cose using a mineral salt medium (MSM) at pH 7 (Figure 1B).

Upon integration of the arol0 production module into
GRC2AS5-TYR2, the respective strain produced 0.10 + 0.00 g
L' 4HPAA while for the same strain additionally harboring
the pheA”'**S mutation, the 4HPAA production was signifi-
cantly boosted to 0.39 + 0.01 g L™". This was not unexpected
as ARO10 is known to be active on phenylpyruvate,®” leading
to the formation of phenylacetate. In contrast to 4-hydroxyphe-
nylacetate, phenylacetate is metabolized by P. taiwanensis and an
accumulation was thus not observed during cultivation.
GRC3A5-TYR2 and GRC3AS-TYR3 expressing aromatic alde-
hyde synthase (AAS) from P. crispum showed similar 4HPAA
titers with 0.35 + 0.02 and 0.39 + 0.01 g L', respectively.
However, only strain GRC3AS-TYR2-aftTn7::P, ,aas showed
a tyrosine accumulation of up to 0.21 g L' (after 54 h), which
slowly declined to 0.09 g L™" with increasing 4HPAA concentra-
tion until the end of cultivation. A potential product inhibition
is unlikely due to the higher titer achieved by the strain harbor-
ing the pheA™**S modification. This mutation was shown to
reduce overall tyrosine formation in a strain lacking a heterolo-
gous production module,*” which could be the reason for the
lack of tyrosine accumulation in this strain. For the production
module consisting of tyrosine decarboxylase (TDC) from P.
somniferum and tyramine oxidase (TYO) from M. luteus, a prod-
uct titer of 0.31 + 0.02 g L™" was achieved in the background of
GRC3AS-TYR2, while 0.58 + 0.00 g L' (3.8 mM) was
reached with the GRC3AS-TYR3 platform. Accordingly, strain
GRC3AS-TYR3-attTn7::P stdc-tyo significantly outperformed
all the other 4HPAA producers regarding the titer. As all strains
fully consumed glucose, this titer also translated into the highest
yield of 252 + 02% (Cmol Cmol™). Similar yields were
achieved in engineered E. coli applying the ARO10 enzyme.*>*’
Shen et al.’® and Cheng et al.’' achieved even higher yields with
36.9 and 42.6% (Cmol Cmol ™), respectively. However, in con-
trast to these studies, we used a fully minimal medium without
complex components such as yeast extract and/or tryptone.
This not only reduces media costs and facilitates downstream
product purification but also avoids misestimating yields, since
complex supplements can contribute to the 4HPAA vyield but
are typically not considered in yield calculations.>* The lack of
detectable tyrosine throughout the whole cultivation of the best
producer adds to this benefit as it reduces the risk of copurifica-
tion of tyrosine as an impurity.

Although the strains harboring the pheA”'**S mutation gen-
erally showed higher 4HPAA production than their counter-
parts lacking this modification, the better production came at
the cost of strongly reduced growth and the best producer,
GRC3AS-TYR3-attTn7::P ,rtdc-tyo, showed the slowest
growth and glucose consumption of all strains tested in this
screening experiment. This ultimately limits the productivity
of the process and needs to be addressed. Additionally, only
a relatively low substrate concentration (3.6 g L™" glucose)
was used for the initial screening. To enable more efficient
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production and technology transfer from the lab to the pilot
plant, shake flask cultivations were performed with strain
GRC3AS-TYR3-attTn7::P rtdc-tyo using the transfer rate
online measurement (TOMg system to obtain online oxygen
transfer rates (OTR) as a proxy for metabolic activity
(Figure 1C) with the aim to ultimately optimize the culture
conditions and productivity.** For the initial medium
(pH 7.0 with 3.6 g L™ glucose), a rather low maximum
OTR of only 3.2 mmol L™ h™' was observed after 32 h.
Since the production of 4HPAA appeared to be coupled to
growth, the aim of an initial optimization was to increase the
metabolic activity as well as biomass and space-time yields
(STY). Increasing the glucose concentration to 10 g L™" (at
pH 7) extended the growth phase and increased the maximum
OTR approximately fourfold (Figure 1C). The biomass for-
mation and product concentration were also increased
(Figure 1D), while the product yield remained similar. An
additional shift of the initial pH value from 7.0 to 6.1 (with
increased buffer capacity from 72 to 144 mM) accelerated
growth, achieving the maximum OTR after already 27 h
(Figure 1C). While this came at the cost of a moderate reduc-
tion of the 4HPAA concentration (1.26 + 0.03 vs 1.55 +
0.03 g L"), it enhanced the STY (0.030 vs 0.023 g L™' h™")
(Figure 1D). Based on these results, all following cultivations
in the stirred tank reactors were controlled at a constant pH
value of 6.1.

Scale Up from a Shake Flask to a 1500 L Stirred
Tank Reactor

To investigate effects directly related to scaling and the corre-
sponding downstream processing, the bioprocess was scaled
up into a 30 L stirred tank reactor and finally to 1500 L scale.
A fed-batch process was established with an exponential feeding
profile (Figure 2A,C). For both scales, feeding was started after
the depletion of 10 g L™" glucose from the initial batch phase, to
add finally 5.5 kg (at 30 L scale) and 263 kg (at 1500 L scale) of
a 50% (w/v) glucose solution. Since glucose was added expo-
nentially, an exponential increase of cell dry weight was
expected. However, the measured values showed a linear/non-
exponential increase up to 15 g L™ (Figure 2B,D), which indi-
cates an inhibiting effect on metabolic activity, likely by the
formation of 4HPAA or an undesired byproduct. An indication
to identify the amount and redox status of an unknown bypro-
duct is the respiratory quotient (RQ).**** The RQ, representing
the ratio between CO, formation and O, uptake rates, was
around 1 during the fed-batch phase (Figure 2A,C).
Consequently, neither more oxidized nor more reduced meta-
bolic byproducts in comparison to biomass and 4HPAA were
formed by P. taiwanensis during the carbon-limited fed-batch.
The RQ values in both batch phases are influenced by the low
metabolic activity at the beginning at the processes as well as
the adjustments of the stirring rate to ensure DOTs >20%.
Therefore, an elevated concentration of 4HPAA itself appears
to be inhibiting P. taiwanensis, likely through the action of weak
acid uncoupling*® The inhibitory effect of 4HPAA was proven
by an additional experiment (see Figure S1, Supporting
Information). To ensure optimal conditions, pH was controlled
at a value of 6.1 by adding NH,OH. The increase of added
NH,OH is already an indication of the formation kinetic as well
as the absolute amount of generated 4HPAA. A maximum
4HPAA concentration of 11 g L' was reached after S5 (at
30 L scale) and 60 h (at 1500 L scale), which is 18 times higher
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Figure 1. Establishing 4HPAA de novo production applying different biosynthetic pathways. (A) Schematic illustration of the applied 4HPAA pro-
duction routes in P. taiwanensis GRC3AS-TYR3. This strain was previously obtained from streamlined genome-reduced tyrosine-overproducing
GRC3AS-TYR2 by the additional implementation of a mutation (P144S) in the prephenate dehydratase domain of PheA to reduce the flux into
the phenylalanine loop and is thus an ideal platform strain for tyrosine branch-derived aromatics with pathways suffering from broad substrate spec-

ificity. The reduced flux from prephenate to phenylpyruvate resulting from the PheA

P144S

modification is represented by an orange arrow. (B) Shake

flask cultivations for 4HPAA production in both P. taiwanensis GRC3AS-TYR2 and GRC3AS-TYR3 heterologously expressing either broad-
substrate-specificity 2oxo-acid-decarboxylase (ARO10) from Saccharomyces cerevisiae, aromatic aldehyde synthase (AAS) from Petroselinum crispum,
or tyrosine decarboxylase (TDC) from Papaver somniferum and tyramine oxidase (TYO) from Micrococcus luteus using 3.6 g L™ glucose as a sole
carbon and energy source. The experiment was performed in biological triplicates (n = 3). The error bars represent the standard deviation.
(C) Oxygen transfer rates of shake flasks cultivation with P. taiwanensis GRC3AS-TYR3-attTn7::P, 4rtdc-tyo using mineral salt media with different
initial pH values and glucose concentration (pH 7.0 with 3.6 g L™ glucose; pH 7.0 with 10 g L™" glucose; pH 6.1 with 10 g L™* glucose). At pH 6.1,
the phosphate buffer concentration was also increased from 72 to 144 mM. (D) Offline measured 4HPAA, cell dry weight (CDW), and space-time-
yield (STY) associated to the cultivations of P. taiwanensis GRC3AS-TYR3-attTn7::P, 4tdc-tyo shown in panel (C). The experiment was performed
in biological triplicates (n = 3). The error bars represent the standard deviation.
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Figure 2. Fed-batch production process for 4HPAA by P. taiwanensis GRC3AS-TYR3-attTn7::P, ,rtdc-tyo in 30 L and 1500 L scale. (A) Respiratory
quotient (RQ), added glucose by an exponential feeding and added NH,OH for pH control; (B) offline measured concentrations for glucose, cell dry
weight (CDW), and 4HPAA. Experimental conditions: initial filling volume = 15 L, final filling volume = 19.5 L, pH = 6.1 + 0.05 controlled by
NH,OH and H,PO,; temperature = 30 °C, aeration rate = 0.67 vvm; DOT >20%; (C) respiratory quotient (RQ), added glucose by an exponential
feeding and added NH,OH for pH control; (D) offline measured concentrations for glucose, cell dry weight (CDW), and 4HPAA. Experimental
conditions: initial filling volume = 750 L, final filling volume = 1000 L, pH = 6.1 controlled by NH,OH and acid; temperature = 30 °C, aeration
rate = 0.7 vvm; DOT >20% controlled by stirring rate. Due to the high scales, both fed-batch fermentations were performed with n = 1.

and three times faster than the previous processes in the shake
flask (Figure 1B). Both cultivations were ended when the maxi-
mum filling volume was reached.

The achieved concentration is rather low compared to previ-
ous studies with engineered E. coli strains enabling production
of 17-32 g L' 4HPAA.>>3%3137 However, it should be noted
that these higher concentrations were achieved using media
with considerable amounts of yeast extract and tryptone, which
likely boosted bacterial tolerance. In contrast, we enabled pro-
duction using a purely mineral salt medium, thereby avoiding
the transfer of complex media components as impurities to
the final product, while also reducing overall process costs and
avoiding hidden biases in the final yields.*> The product con-
centration may be further optimized through a shift to a higher
pH toward later stages of the fermentation to potentially reduce
the effect of weak acid uncoupling of protonated 4HPAA and
thus increase product tolerance. Alternatively, laboratory evolu-
tion could be applied to select for strains with a higher 4HPAA
tolerance to enable higher product concentrations.*® The pre-
sented results for cultivation prove the scalability of this process
as well as its robustness and reproducibility since both processes
were conducted in different bio pilot plants.*

Purification of 4HPAA

Since 4HPAA is ideally to be used for relatively low-value bulk
polymers, the purification process needs to be short and scal-
able. Therefore, it was necessary to determine the minimum
purity level sufficient to permit polymerization of 4HPAA with-
out significant discoloration. The desired product is an acid,
which gets secreted into the supernatant. Consequently, the
fundamental unit operations are classic, starting with biomass
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separation, acidification, product extraction, concentration by
evaporation, and finally  crystallization and  drying
(Figure 3).**~** For identification of unexpected hurdles as well
as characterization and optimization of the individual process
steps, the purification was initially realized in 30 L scale before
it was scaled up to the 1500 L scale. The key parameter to eval-
uate the efficiency of the individual process steps is the yield
quotient of 4HPAA mass before and after the process unit.
Overall yield was calculated by multiplying the individual values.
Based on the experiences of both pilot plants, values of approx.
50% can be expected at the beginning of a process development
but should be improved to values higher than 80% for commer-
cial relevant applications.

The separation of the Pseudomonas cells was realized by cen-
trifugation. The yield of the discontinuous separation in 30 L
scale is slightly higher (89%) than its continuous counterpart
in the 1500 L scale (87%). In both cases, approx. 10% (w/w)
of the desired product remained in the biomass slurry. Before
transferring to the extraction process, an ultrafiltration was con-
ducted at 1500 L scale, to further reduce the amount of cells to
avoid any formation of emulsions between solvent and biomass
in the subsequent extraction process. The filtrate flux was 97 +
9 LMH during the entire filtration process, indicating that no
membrane fouling was occurring. A yield of 99% was achieved
in this step.

To ensure an efficient extraction process, 4HPAA needs to
be fully protonated (predicted pKa = 4.4).*> Therefore,
H,SO, was added to the liquid phase after biomass separation.
The extraction was performed using ethyl acetate, which is a
very common solvent for acid extraction. It has a low toxicity
and can be sourced renewably.** With 99%, the recovery yield
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further processed in the formation of various copolymers (see Figure 4).

of the extraction was significantly higher at the 1500 L scale
compared to the 30 L scale (86 %). This can be mainly attrib-
uted to the higher impact of material losses in the 30 L scale,
caused by manual handling and remaining product in the pro-
cess unit. Based on the achieved data, a partition coefficient of
114 + 0.8 can be calculated for protonated 4HPAA (pH <
2.9). As an alternative to the extraction process, activated car-
bon adsorption could be considered as well.** In 30 L scale,
ethyl acetate was removed by evaporation. The gained material
(Figure 3, Sample 30L-C) has already a purity of 91%. For fur-
ther purification, 4HPAA crystals were dissolved in water and
recrystallized. This material (Sample 30L-R) had a purity of
97% determined by Q-NMR. In the case of the 1500 L scale,
evaporation and crystallization were conducted in individual
process units, as this reflects the standard procedure in case of
a full-scale commercial production. The crystal-containing solu-
tion was subsequently filtered. The 5.3 kg crystals of the reten-
tate stream (sample 1S00L-C) already had a purity of 95%.
Subsequent recrystallization and drying resulted in 4 kg of dried
4HPAA with a purity of 98.7% (Sample 1S00L-R). To improve
the overall yield of the downstream process, the permeate side
stream of the filtration step was again concentrated, crystallized,
recrystallized, and dried. As depicted in Figure 3, this yielded
another 1 kg of 4HPAA with a lower purity of 91% (Sample
1S00L-R-bis). For both scales, an overall yield of approx.
50% could be achieved. This is a sufficient value for a new pro-
cess. However, commercially established bulk chemical produc-
ing bioprocesses achieve values between 70 and 90%.*"*¢

The current volumetric productivity is 021 g L' h™". To
produce low-priced bulk chemicals, a target value of >1 g L™
h™' (amino acids, ethanol, proteins, organic acids, etc.) needs
to be achieved to become economically relevant.*”
Consequently, the final concentration of 4HPAA would have
to be increased to >50 g L™". Since in full scale (for white bio-
technology), the feedstock is, in general, the main the cost
driver, the_lyield.Y4HP AA/glucose TUSE be ir%cr.eased from 0.06 to
>0.29 g g, which can be achieved by shifting the carbon flow
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from CO, to 4HPAA by removing product inhibition and, if
necessary, implementing a secondary substrate limitation (e.g.,
phosphate).**° For the presented process at 1500 L scale
and based on the price structure of the pilot plant, production
costs are currently at around $500 € kg™'. The abovementioned
steps could reduce this price to approximately 1000 € kg™ at
1500 L scale. Due to the effects of the Economy of Scale, the
production costs at full scale would fall by a factor of approxi-
mately 50, which would lead to cost of goods sold (COGS)
of 20 € kg". To further reduce these costs significantly, the pro-
cess would therefore have to be operated as close as possible to
its thermodynamic maximum yield of estimated 0.46 g g (cal-
culated based on Varma et al.>') and achieve a volumetric pro-
ductivity of 1.5 g L™ h™'. COGS of 10 € kg ™' therefore seems
realistic, which would enable higher-value applications for
4HPAA where significantly enhanced polymer properties are
achieved. This price point is further supported by its product
concentration and anticipated downstream processing require-
ments as inferred from its position in a Sherwood plot (see
Figure S2, Supporting Information).>*>3

Polymerization Studies

With 4HPAA having both an acid and an alcohol functionality,
it is capable of self-condensation into polyesters. In polycon-
densation reactions, such AB-type monomers are generally
robust because they are less sensitive to impurities,*® provided
that no chain-terminating or branching impurities like phenyla-
cetic acid are present. This is different from what is required by,
e.g, AA and BB systems, where an exact stoichiometry is imper-
ative. To assess the effect of work-up and purification steps on
polymerization efficiency, selected 4HPAA samples from differ-
ent batches and at different stages of downstream purification
(see Figure 3 and Table S1, Supporting Information) were sub-
jected to polycondensation as depicted in Figure 4A. The
results were compared to those obtained using a commercial
4HPAA with a stated purity of >99.0% (determined purity of
100%, Table S1, Supporting Information).
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The control sample yields a semicrystalline material with a
weight-average molecular weight around 1000 g mol ™! and a
dispersity of 1.7 (see Figure 4B and Table S1, Supporting
Information), which is consistent with the low reactivity of non-
activated phenols and acids and compares with the 4HPAA
polymer mentioned in the introduction.””>* The polymers pro-
duced from the 4HPAA samples showed significant differences
in color (see Figure 4C). The coloration was quantified as the
ratio of absorption at 300-258 nm for the polymer, since a
more colored polymer is expected to have higher absorption

at longer wavelengths (see Figure 4BD and Table S1 and
Figure S3, Supporting Information).

4HPAA from the 30 L scale (30L-C) yields a polymer with a
MW of >4000 g mol " and a dispersity of >4, which is higher than
that of the pure reference. However, it is almost black (see
Figure 4C). The coloration and high M, are attributed to oxida-
tion products of the phenol, which are known to lead to the for-
mation of colored quinones along with catechol formation and
oxidative polymerization.”” This is reflected in the ratiometric
chromatograms (see Figure S3C, Supporting Information),
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where the absorption ratio at long retention times (corresponding
to small molecules) is seen to be larger for 30L-C than for the
commercial 4HPAA, which reflects preferential oxidation of
smaller phenolic species rather than the longer polyester species.
It is noteworthy that the 30L-C 4HPAA starting material is not
particularly colored compared to the batches from the technical
scale (see Figure 4C). Thus, coloration occurs during polymeriza-
tion due to the formation of undesired byproducts from trace
impurities in the sample. In the 30 L scale, separation was compli-
cated by the formation of an interfacial emulsion and it is possible
that small amounts of residual sulfuric acid or other constituents
were carried over into the organic phase. These constituents
may lead to the formation of small amounts of highly colored
material through oxidation, resulting in quinone formation and
oxidative coupling.®*¢’

Both the crystallized and the recrystallized technical scale
products (1500L-C and 1S00L-R) yielded polymers with color
and molecular weight averages (M,, around 1000 g mol™")
comparable to those of the control based on commercial
4HPAA. Thus, for the optimized process, complete solvent
removal and recrystallization seem unnecessary, suggesting that
the recrystallization step can be omitted.

Interestingly, the second crop of crystals of 4HPAA obtained
by recovering more material through concentrating the filtrate
followed by crystallization (1500L-C-bis) gives a polymer with
a larger weight-average molecular weight and dispersity and sig-
nificantly more coloration than those from the main batch (see
Figure 4 and Table S1, Supporting Information), showing that
the impurities cannot be sufficiently removed through a second
crystallization. In addition, this polymer shows no crystallization
and has a glass transition temperature significantly below room
temperature (see Table S1, Supporting Information), underlin-
ing that the polymerization has been influenced by the impuri-
ties. Recrystallization of this 4HPAA results in a 4HPAA that
polymerizes more efficiently and yields a semicrystalline poly-
mer (1500L-R-bis) with transition temperatures closer to those
of polymers based on the main batch and commercial 4HPAA.
However, the coloration is still higher. This suggests that similar
oxidation processes to those observed during the 30 L scale
mentioned above occur during the recovery of additional
4HPAA from the filtrate and that these impurities are only par-
tially removed by a single recrystallization step.

Bl CONCLUSIONS

In this study, an integrated development of biocatalyst, biopro-
cess, and polymerization enabled the production of bio-based
4HPAA polymers. Chain-terminating impurities need to be
avoided, which is achieved by choosing the right combination
of P. taiwanensis chassis and 4HPAA production module.
Optimization of the fermentation process increased the volu-
metric productivity to +0.2 ¢ L™ h™, mainly through a lower
starting pH. This did, however, lead to lower final product con-
centrations, which should be addressed at the strain and process
level in the future. The scale-up of the fermentation process by
two different facilities enabled the production of pure 4HPAA
at kilogram scale and also demonstrates the robustness of the
strain and process. However, the process intensification did
result in lower yields compared to initial shaken cultures, likely
due to product inhibition at the higher titers achieved. In poly-
condensation studies, the 4HPAA from the optimized, scaled-
up production yielded polymers with properties comparable
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to those obtainable from commercial material. Interestingly,
4HPAA isolated prior to recrystallization was sufficiently
pure for polymerization, indicating an optimal purification
level. This proves that efficiency gains can be achieved by inves-
tigating the entire process chain from the bio-based substrate

to polymer.
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