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Process-intensified enzymatic decarboxylation
using immobilized arylmalonate decarboxylase for
sustainable asymmetric synthesis of
a-arylpropionic acids

Jan Gerstenberger, (22 Timm Werbilo,? Marvin Haas,? Simona Serban,”
Alessandra Basso,” Pablo Dominguez de Maria ¢ € and Selin Kara (2 ¥4

Enantiopure a-arylpropionic acids are essential pharmaceuticals, yet their biocatalytic synthesis via aryl-
malonate decarboxylases (AMDases) is hindered by the instability of malonic acid intermediates. Standard
saponification requires an acidic workup that triggers spontaneous, non-selective malonate decarboxyl-
ation, while alternative hydrogenolysis reactions rely on potentially pyrophoric palladium catalysts. This
study presents an integrated, intensified process combining alkaline hydrolysis of dimethyl malonates with
enzymatic decarboxylation using an immobilized AMDase. To suppress racemic side-product formation, a
reaction setup using a rotating bed reactor with in situ pH-stat control was established, ensuring substrate
stability via anionic stabilization. For enzyme immobilization, C2-amino polyacrylate carriers resulted in
superior stability, enabling efficient preparative-scale biotransformations. Naproxen and flurbiprofen were
obtained with isolated yields up to 96% and high enantiopurity (ee > 99%), leading to a Process Mass
Intensity (PMI) of, e.g., 158 kg kg naproxen™, representing a significant improvement over the current
benchmark. Likewise, CO, production, as a Global Warming Potential (GWP) indicator, was assessed con-
sidering the three main contributors, the energy of the reaction, the decarboxylation process, and the
wastewater treatment, with an impact in the range of 32 kg CO, kg naproxen™. Overall, integrating a safe
saponification with automated process control and decarboxylases provides a scalable, green(er) frame-
work for producing enantiopure carboxylic acids.

1. a-Aryl-propionic acids are key pharmaceuticals. This work presents a biocatalytic platform replacing palladium catalyzed hydrogenolysis with alkaline sapo-
nification of dimethyl malonates, improving safety by avoiding pyrophoric catalysts and hydrogen, while enhancing atom economy and reducing waste via

smaller ester protecting groups.

2. Spontaneous malonate decarboxylation is suppressed via anionic stabilization until enzymatic decarboxylation introduces chirality in an automated pH-

stat rotating bed reactor. Estimated PMI is 158 kg kg™ naproxen, outperforming current benchmarks. With ~90% solvent recovery and enzyme recycling,
PMI may reach 73. In situ naproxen precipitation simplifies downstream processing and improves sustainability.

3. Global warming potential analysis (kg CO, kg naproxen™) identified wastewater treatment as the main environmental hotspot, beyond (petrochemical)

malonate decarboxylation and energy invested. Future mitigation actions should focus on water- and enzyme recycling to reduce the waste.
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Introduction

Enantiopure a-arylpropionic acids are key building blocks in
the pharmaceutical industry and form the core structure of

bSunresin New Materials, Sunresin Park, Xi’an Hi-tech Industrial Development Zone many non-steroidal anti-inflammatory drugs (NSAIDS), includ-
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ing naproxen and ibuprofen. In profen derivatives, pharmaco-
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enantiomer is largely inactive and may cause undesired side
effects." Consequently, considerable efforts have been
devoted to the enantioselective synthesis of a-arylpropionic

This journal is © The Royal Society of Chemistry 2026 Green Chem.
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acids.””® These strategies include catalytic asymmetric hydro-

genation of corresponding acrylic acid precursors,”' the use
of chiral auxiliaries,"* biocatalysis,">® and resolution
methods."”"®

Biocatalysis represents a powerful and potentially sustain-
able strategy to access these industrially relevant chiral
pharma intermediates. Compared to traditional chemical
approaches, biocatalytic methods typically proceed under
milder reaction conditions and may provide significant
environmental benefits."*** Among the available biocatalytic
tools for the synthesis of enantiopure a-arylpropionic acids,
arylmalonate decarboxylases (AMDases) offer an elegant route
via decarboxylation of prochiral malonates (Scheme 1). First
discovered by Miyamoto and Ohta in 1990, the arylmalonate
decarboxylase (AMDase) was initially isolated from Bordetella
bronchiseptica (Bb) in an enzyme screening campaign.””

Since its discovery, the natural substrate of AMDase has
remained unknown.”” The enzyme is expressed recombinantly
in Escherichia coli, with recent reports of efficient, scalable cul-
tivation.”®® The cofactor-independent AMDase catalyzes the
asymmetric decarboxylation of prochiral a-substituted malonic
acids, yielding optically pure propionic acids. All nature-
derived AMDases showed predominantly (R)-selectivity
(Scheme 1).2°*° Interestingly, inversion of stereoselectivity can
be introduced by the double substitution G74C/C188S in
BbAMDase. Further protein engineering strategies yielded the
(S)-selective variant ICPLLG
(V431/G74C/A125P/V156L/M159L/C188G),*" which was used in
benchtop production of flurbiprofen'® and naproxen.'® The
industrial application of AMDase has been limited by several
factors, most notably the free enzyme’s insufficient thermal
and process stability. Enzyme immobilization offers an
effective strategy to enhance robustness under non-natural
conditions and extend catalyst lifetime. A variety of immobiliz-
ation approaches have been reported, including adsorptive,
covalent, entrapment, encapsulation, and cross-linking strat-
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Scheme 1 Asymmetric decarboxylation of prochiral malonic acids by
AMDase for the synthesis of a-substituted carboxylic acids. Malonic acid
derivatives can be prone to spontaneous decarboxylation leading to the
racemic mixture of desired product. R = vinyl or conjugated systems. R’
=H, D, Me, OH, NH,, and F.
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egies.”” Multiple immobilization strategies for AMDase have
been reported in the literature.***> Notably, ARmann et al.
achieved a 158-fold increase in operational stability through
covalent immobilization on an amino-C2 acrylate carrier.*®
Beyond immobilization, Kourist and Kara groups demon-
strated that ancestral sequence reconstruction can substan-
tially improve AMDase stability, work that was conducted in
parallel with the present study. Furthermore, inversion of
stereoselectivity was introduced in the reconstructed ancestral
variants.*®

In addition to the enzyme’s limited stability, the spon-
taneous decarboxylation of malonic acid substrates poses a
major challenge for the synthesis of enantiopure products, as
it leads to the formation of racemic propionic acids
(Scheme 1). This side reaction is particularly pronounced
under acidic conditions and at elevated temperatures. Overall,
such decarboxylation reactions are widely used in organic syn-
thesis to prepare ketones, alkenes, and aromatic derivatives
from their corresponding carboxylic acid precursors.’”*® An
overview of how this ‘racemization challenge’ was addressed
by different research groups is provided in Scheme 2.

Among the different strategies, Gafdmeyer et al. reported the
synthesis and isolation of malonic acids by hydrogenolysis of
dibenzylmalonate precursors (Scheme 2A).'® This approach
does not require acidification to process the reaction mixture,
unlike traditional saponification. Furthermore, hydrogenolysis
cleaves the benzylester in most cases with quantitative yield,
without further purification. Thus, the received malonic acids
were obtained in high purity, free of racemic product from
spontaneous decarboxylation. Blakemore et al. further devel-
oped a biphasic approach that uses hydrogenolysis in a
toluene phase, with a telescoped phase of a basic aqueous
buffer for the solubilization of deprotected malonates.?® This
enables subsequent enzymatic decarboxylation without the
need to isolate the substrate (Scheme 2B). They further
expanded the substrate spectrum of promiscuous AMDase to a
variety of prochiral heteroaryl malonic acids. In the work pre-
sented here (Scheme 2C), we demonstrate a fundamentally
different approach aimed at improving overall sustainability
and handling of the route. To this end, the traditional saponi-
fication step is combined with the concept of direct conversion
of deprotected malonates, without compromising the purity of
either the intermediate malonates or the final products. By
employing a methyl ester protection strategy rather than bulky
dibenzyl esters, an improved atom economy is achieved (SI,
section 1.1), while overcoming the use of palladium on carbon
(Pd/C). The saponification process requires only the safe hand-
ling of acids and bases, and avoids potential explosion risks
associated with laboratory-scale hydrogenations.*®

Results and discussion
Experimental set-up and saponification

One of the key challenges in the enzymatic synthesis of opti-
cally pure propionic acids is the spontaneous decarboxylation

This journal is © The Royal Society of Chemistry 2026
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Scheme 2 Overview of different approaches of preparative enzymatic decarboxylation utilizing AMDase. A. Hydrogenolysis of benzyl esters was
reported by GalRmeyer et al. to avoid the acidification of the reaction mixture, thereby avoiding spontaneous decarboxylation. The reaction was
intensified to a bench scale in a rotating bed reactor system.'® B. This concept was further developed by Blakemore et al. to a telescoped bi-phasic
process for the synthesis of heteroarylpropionic acids in preparative scale.?® C. This work shows the control of traditional saponification in prepara-
tive scale with subsequent enzymatic decarboxylation. Spontaneous decarboxylation is avoided by in situ pH adjustment in the rotating bed reactor
under optimized process conditions. [a] Substrates utilized in this study: naproxen malonate (1b), flurbiprofen malonate (2b), 2-methyl-2-phenyl
malonate (3b), 2-methyl-2-vinyl malonate (4b) and 2-ethyl-2-vinyl malonate (5b). [b] BbAMDase variants used: (R)-selective IPLL variant and (S)-

selective ICPLLG variant.

of the malonic acid starting material, which yields a racemic
product. To address this, we aimed at developing an intensi-
fied reaction setup aligned with Green Chemistry principles.*°
We identified two process stages as most critical for inducing
spontaneous decarboxylation: (i) the acidification step typically
performed after saponification, and (ii) the pH of the reaction
buffer itself. During a conventional acidic workup, the depro-
tected malonate is protonated while the exothermic neutraliz-
ation simultaneously supplies the activation energy for de-
carboxylation. This proceeds through a six-membered inter-
mediate (Scheme 3A), yielding an enediolate whose tautomeric
equilibrium favors the undesired racemic propionic acid.
Previous approaches avoided the acidic workup by applying
the clean hydrogenolysis of the benzylesters and dissolving the
free malonic acid derivative in the slight alkaline enzymatic

This journal is © The Royal Society of Chemistry 2026

buffer. Our approach circumvents this issue by directly inte-
grating the saponification with the biocatalytic step. It builds
on the dimethyl malonate precursor saponification and avoids
the full protonation itself, before enzymatic decarboxylation
leads to the stable product. This design enhances atom
economy and eliminates the need for hydrogenolysis, which in
industrial settings may entail complex ATEX compliance and
significant safety management.*'

While optimizing the saponification of these dimethyl mal-
onate derivatives, we noted that strict adherence to Schlenk
conditions prevents side product formation and results in
quantitative yields. This allows the resulting alkaline reaction
mixture to be injected directly into the buffered solution con-
taining the immobilized biocatalyst. The basicity of the
injected substrate solution is actively compensated by a volu-

Green Chem.
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Scheme 3 A. Comparison of spontaneous decarboxylation to the asymmetric enzymatic decarboxylation of AMDase. R’ = vinyl or conjugated
systems. R” = H, D, Me, OH, NH, F. B. Saponification reaction scheme of dimethyl malonate derivatives used in this study. Saponification conditions:
3a: LiOH, 0 °C, MeOH : THF : H,O (2:2:1). 4a and 5a: 40% (w/v) NaOH (aq.), EtOH, 0 °C (SI, section 4). C. Schematic overview of process set-up of
the rotating bed reactor (RBR) utilizing a SpinChem® vessel V2 with a corresponding basket filled with immobilized enzyme on Seplife® EMC7225S
amino polyacrylate resin. The alkaline substrate solution is injected by a syringe pump, and the pH controlled by a volumetric titrator in pH stat

mode.

metric titrator, maintaining a stable pH optimized for enzyme
activity and substrate stability (Scheme 3C). However, this inte-
grated strategy is dependent on a quantitative and rapid sapo-
nification step. The choice of solvent system proved to be
highly substrate dependent. The smaller precursors dimethyl
2-methyl-2-phenylmalonate (3a) and dimethyl-2-alkyl-2-vinyl-
malonates (4a, 5a) were readily deprotected in an aqueous
sodium hydroxide solution. In contrast, larger, more non-polar
substrates such as dimethyl naproxen malonate (1a) and
dimethyl flurbiprofen malonate (2a) exhibited poor solubility
in this reaction system. This resulted in incomplete conver-
sions and an increased rate of spontaneous decarboxylation
during the prolonged saponification process. To achieve quan-
titative deprotection of these substrates, we initially investi-
gated a mixed solvent system of tetrahydrofuran, methanol,
and water (2:2:1) using LiOH as the base. Although these
conditions represent a common protocol for saponification,

Green Chem.

they failed to resolve the solubility limitations and still
resulted in significant decarboxylation.

As conventional methods proved insufficient, we therefore
explored a non-aqueous saponification strategy. The non-polar
precursors were fully dissolved in a 9:1 mixture of dichloro-
methane (CH,Cl,) and methanol and were quantitatively
deprotected at 0 °C using NaOH (Scheme 3B).*> The use of
CH,Cl, requires careful justification within a Green Chemistry
framework, and the future quest for other solvent alternatives
is fundamental.*® In any case, this drawback can be partly
mitigated by the reaction dynamics: as the reaction proceeds,
the target disodium salt of the malonate derivative precipitates
from the organic solvent mixture. This precipitation enables
efficient recovery and recycling of the solvent (SI, Fig. S20),
which has a significant impact on the Green Metrics.**

Thus, the isolated precipitate can be freed from residual
organic solvents and directly transferred to the reactor. As the

This journal is © The Royal Society of Chemistry 2026
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aim of this work was to establish the entire novel route under
high substrate loadings, and for the practicality of our bench-
scale setup, in our experiments, we opted for the injection of
the dissolved substrate, with pH adjustment as the flow-rate-
limiting step of the whole procedure. To this end, water was
added to the completed saponification mixture, and residual
organic solvents were removed under reduced pressure for
eventual recycling in scaled-up conditions. The resulting alka-
line substrate solution was then injected into the rotating bed
reactor (RBR) for the subsequent biocatalytic decarboxylation.

Immobilization of biocatalysts

Implementation of the intensified process in the RBR required
heterogenization of the biocatalyst. To this end, the metal-
affinity and covalent immobilization strategies reported by
Almann et al.*® were reproduced and further optimized (SI,
detailed specification of carriers used, section 3.3). The
AMDase variants employed in the intensified process share a
common structural fold (Fig. 1), enabling two distinct immo-
bilization approaches: (i) affinity immobilization via the
C-terminal His-tag or (ii) covalent attachment through surface-
exposed lysine residues.

Carrier screening for metal affinity (IMA) immobilization

First, metal affinity (IMA) carriers Seplife® Chelex 7350S based
on iminodiacetic acrylate and loaded with different divalent
metal ions, were evaluated. While immobilization on Fe?'- and
Cu*"-charged carriers resulted in a substantial loss of enzy-
matic activity, carriers loaded with Co>*, Ni**, or Zn>* showed
no significant differences in specific activity per carrier mass.
Analysis of the immobilization yield revealed the highest
degree of specific binding for the Co®'-charged -carrier
(Fig. 2A). High binding specificity is advantageous, as reduced
levels of nonspecifically adsorbed protein decrease the risk of

His-252 | His-251

~y His-249

His-250 His-247

Lys-231

X -

Fig. 1 Structural comparison of AMDase IPLL (A) and AMDase ICPLLG (B)
C-terminus in blue/green, N-terminus in orange and active site with the
AMDase ICPLLG.*®

This journal is © The Royal Society of Chemistry 2026
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enzyme leaching and thereby simplify downstream processing.
Consequently, the Co>" IMA carrier Seplife® Chelex 7350S/Co>*
was selected as the representative affinity immobilization
system for the further assessments.

To gain deeper insight into AMDase affinity immobiliz-
ation, the amount of enzyme applied to the carrier surface was
increased stepwise using the cell-free extract (CFE). This
approach enables the identification of potential multilayer for-
mation and non-linear loading effects.*” For each carrier
preparation, (i) the mass-specific activity, (ii) activity yield, and
(iif) immobilization yield were determined (Fig. 2B). The car-
rier’s specific activity increased linearly with increasing
enzyme provision up to a protein loading of 120 mgcre
Zearier - IN contrast, both immobilization and activity yields,
key parameters for the sustainable and efficient use of the bio-
catalyst, decreased markedly already at low protein loadings.
This indicates that enzyme is not fully accessible for its cata-
Iytic activity. Balancing the carrier’s specific activity with
efficient enzyme utilization, an optimal loading of 40 mgcrg

Zearrier . Was selected for this system.

Carrier screening for covalent immobilization

The previous study by Afimann et al*’ identified covalent

immobilization on a C2-amino polyacrylate carrier using a glu-
taraldehyde linker as the most suitable option for an intensi-
fied process, particularly with respect to biocatalyst half-life,
which gave a remarkable 158-fold higher operational stability
compared to the free enzyme. For the present study, a very
similar type of resin was evaluated, based on polyacrylate and
with a porosity suitable for AMDase immobilization. Four
carrier-linker combinations were evaluated: carriers functiona-
lized with either a C2 (Seplife® EMC7225S) or C6 (Seplife®
EMC7120S) spacer, each combined with a conventional glutar-

His-251
His-249
His-247

His-252

His-250

Residues of interest are marked in color: lysines in pink, Hisg-Tag at the
reaction product phenylacetic acid based on the crystal data (3IXL) of

Green Chem.
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DFF DFF Glu Glu IMA DFF DFF Glu Glu IMA

Fig. 2 Investigation of activity characteristics of enzyme carriers for AMDase immobilization. Immobilizations were done in triplicate. All mass-
specific activities were determined towards phenylmalonate (1 mL, 20 mM phenylmalonate, 50 mM HEPES buffer, pH 7.8, 30 °C). All experimental
preparations involving active enzyme were done at 4 °C. Enzymatic reactions were incubated for 5 minutes at 30 °C before conducting the activity
assay (Sl section 3.4). Protein quantification was done by BCA-assay. A. Comparison of mass-specific activity [U mgenzyme‘ll and immobilization yield
of different divalent metal loading of immobilized metal affinity carrier with immobilization of AMDase IPLL. Quantification of AMDase was done by
densitometric SDS-PAGE. B. Protein loading study of Co?* metal affinity immobilization of AMDase IPLL. The protein loading of the carrier was
achieved by step-wise dilution of a CFE stock solution with the reaction buffer (50 mM HEPES buffer, pH 7.8). C. Comparison of mass specific activity
[U mgp,otein‘ll of amino polyacrylate carriers with C2 and C6 linkers and 2,5 diformylfuran (DFF) and glutaraldehyde crosslinking agent for the immo-
bilization of AMDase IPLL and AMDase ICPLLG. D. Protein loading study of AMDase IPLL immobilized onto the C6 amino polyacrylate using glutaral-
dehyde as crosslinking agent. The protein loading of the carrier was achieved by step-wise dilution of a CFE stock solution with the immobilization

buffer (50 mM HEPES buffer, 50 mM NaCl, pH 6.8).

aldehyde linker or with 2,5-diformylfuran (DFF), a bio-based
alternative for covalent enzyme immobilization.*”

In all cases, covalent immobilization resulted in signifi-
cantly lower mass-specific activity of the total protein on the
carrier compared to affinity immobilization (Fig. 2C wvs.
Fig. 2A). Comparing linker systems and enzyme variants
revealed variant-dependent effects. The (R)-selective IPLL
variant exhibited higher activity with the conventional glutaral-
dehyde linker (C6-Glu: 4.5 + 0.5 U mg™") than with the bio-
based alternative DFF (C6-DFF: 1.1 + 0.1 U mg™"). In contrast,
the (S)-selective ICPLLG variant showed no clear dependence
on the crosslinking reagent, and differences in mass-specific
activity among the analyzed covalent immobilization strategies
were not significant.

Green Chem.

To obtain deeper insight into covalent immobilization, the
effect of protein loading was investigated using the AMDase
IPLL variant immobilized on a C6-amino polyacrylate carrier
with the bio-based linker 2,5-diformylfuran (DFF) (Fig. 2D). In
contrast to the affinity-based system (Fig. 2B), all proteins
present in the CFE were covalently immobilized up to a
loading of 25 Mgcrp Learrier - However, the immobilization
yield decreased from 26% to 4% at the highest protein
loading. The carrier activity increased with increasing protein
loading up to the point of 19 mgcpg Learrier ', after which a
plateau was observed. This plateau, together with the declining
activity yield, defines the practical loading limit for process
intensification, as additional enzyme input provides diminish-
ing benefits. As the underlying covalent binding mechanism is

This journal is © The Royal Society of Chemistry 2026
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expected to remain comparable across the analyzed carrier-
linker configurations, the influence of different spacers or
crosslinking agents on the optimal loading capacity was con-
sidered negligible. Consequently, a protein loading of
20 MEcrp Learrier - Was selected as the optimal condition for
immobilization of AMDase on amino polyacrylate carriers.

It is interesting to note that despite the available amino
groups (0.81 mmol gearier ', SI, Table S$12) and available
surface area (=100 m” g7'), the carrier should be able to
achieve higher loadings. However, results are in line with pre-
viously reported observations where enzyme immobilization
occurs on the external section of the carrier. This is due to the
Gaussian distribution of the porosity profile, which includes
both micro- and macro-porosity. Consequently, the enzyme is
able to effectively access 20-30% of the carrier beads.® This is
a particularly interesting observation, as the affinity enzyme
carrier shows approximately 10-fold higher activity at the
highest protein loading, with a quarter of the surface area
(225 m? g™!) and comparable particle sizes of the two carriers
utilized. A similar finding was also obtained during immobiliz-
ation of a ketoreductase enzyme when comparing different
immobilization strategies.*

The (internal) mass transfer limitations can be attributed to
the specified pore size of the Cé6-amino polyacrylate carrier,
which is considerably smaller, with 200-400 A compared to
800-1000 A. Nevertheless, the primary cause of reduced cata-
Iytic activity appears to be the more stringent conditions
inherent to covalent immobilization compared to the milder,
reversible chelation on the IMA carrier. This is evidenced by
the negligible differences in specific activity observed between
identical crosslinking agents across different linker spacers.
Notably, the amino polyacrylate carrier with the C2 linker
(Seplife® EMC7225S) possesses a specified pore size of
500-700 A (SI, Table $12), which theoretically should alleviate
mass transfer limitations and enhance diffusion relative to the
C6 alternative (Seplife® EMC7120S); however, this potential
advantage did not translate into improved performance. The
advantage of the larger pore size could be outweighed by the
shorter distance to the carrier due to the C2 linker. The
shorter distance leads to less mobility of the immobilized
enzyme and possible blockage of the active center if oriented
unfavorably towards the carrier. While covalent immobiliz-
ation represents a more robust but harsher process, a compari-
son of immobilization yields (Yimmo) underscores the superior
specificity of the affinity methodology (Fig. 3A).

The selectivity of the affinity approach is further elucidated
by comparing Yimmo to the activity yield (Yact, Fig. 3B). The con-
siderably lower Yimmo Of the IMA immobilization is offset by a
significantly higher Y,., indicating a higher proportion of cor-
rectly oriented and active enzyme. This trend was also
observed, however in a mitigated form, during the covalent
immobilization of (R)-selective AMDase variant IPLL onto the
C6-DFF carrier and across all covalent immobilizations of the
(S)-selective AMDase variant ICPLLG, especially when com-
pared to IPLL@C2-DFF and both IPLL glutaraldehyde-cross-
linked combinations.

This journal is © The Royal Society of Chemistry 2026
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To identify the most robust biocatalyst for an intensified
process and maximize enzyme utilization, the stability of all
carrier preparations was evaluated. The total turnover number
(TTN) was estimated by determining the biocatalyst half-life
under process-relevant conditions. Preparations were incu-
bated at 30 °C in reaction buffer in the absence of substrate,
and residual activities were measured at defined time inter-
vals. Although this static incubation does not fully reproduce
the dynamic stresses encountered under intensified process
conditions, it enables the identification of critical differences
in carrier stability.

Moreover, conducting the assays at the mL-scale allowed
the parallel evaluation of multiple preparations, thereby redu-
cing experimental workload and resource consumption.

Given the structural similarity between the two AMDase var-
iants (Fig. 1), the disparity in the stability of their respective
carrier preparations is remarkable, as AMDase IPLL exhibited
a significantly lower half-life. For both variants, the highest
stability was achieved via immobilization on C2-Glu; however,
the (S)-selective ICPLLG variant demonstrated a 39.2-fold
higher half-life compared to IPLL (851.2 h vs. 21.7 h, respect-
ively; Fig. 3C). Preparations utilizing the bio-based crosslinking
agent DFF resulted in considerably lower half-lives than those
using traditional glutaraldehyde. Interestingly, a profound loss
of initial activity was observed across all carriers during the
first hours of incubation. This trend is best characterized by a
biexponential decay function.>>** This initial loss may suggest
the rapid deactivation of enzymes immobilized on the outer
surface of the carrier, while enzymes localized within the
pores remain shielded and stabilized by the protected micro-
environment. To accurately represent long-term stability, the
deactivation constant (kges) was derived from the second expo-
nential decay phase, which describes the kinetics of the more
stable enzyme fraction. This approach focuses the assessment
on the enzyme fraction suitable for prolonged process times or
biocatalyst recycling in an intensified process (SI, section 3.5).

A second key parameter influencing the total turnover
number (TTN) of the biocatalysts is the catalytic constant
(kcat), which exhibits a trend inverse to that of the variant stabi-
lity profiles. Preparations of the (R)-selective IPLL variant were
significantly more active than their counterparts. A direct com-
parison of the cell-free extracts revealed a 3.8-fold higher mass-
specific activity toward the model substrate phenylmalonic
acid (62.5 U mg™"), for IPLL versus 16.1 U mg " for ICPLLG.
While the 39.2-fold disparity in stability for the C2-Glu prep-
arations was striking, the observed TTN values were less diver-
gent because the higher k., values in the less stable variant
acted as a counterbalancing factor. Consequently, the (S)-selec-
tive ICPLLG variant showed a 6.5-fold higher TTN compared to
the more active IPLL variant (Fig. 3D).

For both AMDase variants, the highest TTN was obtained
with the amino polyacrylate carrier functionalized with a C2
spacer and glutaraldehyde. This configuration was therefore
selected for the intensified asymmetric synthesis of a-chiral
carboxylic acids. In this context, overall productivity, reflected
by the TTN of the enzyme formulation, served as the primary

Green Chem.
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Investigation of activity and stability characteristics of enzyme carrier preparations with immobilized AMDase IPLL and AMDase ICPLLG.

Immobilizations were done in triplicates. Immobilization was carried out onto amino polyacrylate carriers with C2 or C6 linkers and DFF or glutaral-
dehyde crosslinking agent or onto a Co?* IMA carrier. All mass-specific activities were determined towards phenylmalonate (1 mL, 20 mM phenylma-
lonate, 50 mM HEPES buffer, pH 7.8, 30 °C). Protein quantification was done by BCA-assay. All experimental steps involving active enzyme were
done at 4 °C. Enzymatic reactions were incubated for 5 minutes at 30 °C before conducting the activity assay (SI, section 3.4). A. Comparison of the
mass specific activity [U gearier 1. B. Comparison of the activity yield [%]. C. Comparison of the half-life of the immobilized biocatalyst (SI, section
3.5). D. Comparison of the observed total turnover numbers [TTN]*° resulted from the observed catalytic constant ke, value of initial activity and
observed deactivation constant kqes Of storage condition during storage at 30 °C (SI, section 3.5).

selection criterion, consistent with the focus on industrial per-
formance metrics and process intensification.

Bayesian optimization (BO) for the decarboxylation in the
rotating bed reactor (RBR)

To improve optical purity and enzymatic activity, the reaction
pH and temperature were selected as key optimization para-
meters, as both strongly influence spontaneous decarboxyl-
ation. The pH range was defined according to physiologically
relevant buffer systems between pH 5.5 and 9.7 (SI, section
1.9.3). The temperature was screened from 10 to 45 °C, consid-
ering the thermostability range of AMDase.>”

Bayesian optimization (BO), a Machine Learning model, was
performed directly in the established RBR system to ensure that

Green Chem.

the identified optima were intrinsically linked to the process
setup, including in situ pH adjustment. This approach enabled
the identification of operating conditions that balance high
enzymatic activity, required for economically viable product for-
mation, with minimized spontaneous decarboxylation.

The iterative nature of the reactor setup required an
efficient optimization strategy to minimize experimental effort.
Accordingly, BO was employed instead of a traditional Design
of Experiments (DoE) approach. BO is particularly well-suited
for this task, as it models the response surface from an initial
experimental set and refines the predicted
optimum. The optimization was implemented using a vali-
dated, in-house MATLAB script (SI, section 1.9), which
includes full details and validation data.

iteratively

This journal is © The Royal Society of Chemistry 2026
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In this study, four initial conditions generated via Latin
Hypercube Sampling (LHS) were selected by the script based
on the defined factor ranges. Subsequent experimental points
were then chosen to strategically balance exploitation of known
optima with exploration of less-certain regions of the parameter
space. This targeted approach markedly reduces the number of
experiments required for optimization, albeit with a slight com-
promise in predictive accuracy. By minimizing resource, energy,
and time consumption, the application of BO for process
design also aligns with the principles of Green Chemistry.

Following the initial four conditions and the first optimiz-
ation iteration, the effects of pH and temperature on both enan-
tiomeric excess (ee) and initial activity of the biocatalyst prepa-
ration were visualized (Fig. 4). Spontaneous decarboxylation was
found to be strongly pH-dependent, with higher pH values favor-
ing excellent optical purity. This behavior arises from partial
deprotonation of the substrate, which inhibits the six-membered
transition-state mechanism responsible for spontaneous de-
carboxylation of malonic acids (Scheme 3A). Enhanced thermal
decomposition via spontaneous decarboxylation has previously
been reported for heteroaryl malonic acids.>® It should be noted,
however, that the effect is more pronounced for these substrates
due to their increased electron deficiency. In our experiments,
temperature had little impact on the optical purity of the
product but led to a notable increase in enzymatic activity, likely
offsetting any accelerated decarboxylation and promoting
efficient conversion to the stable propionic acid.

Preparative scale experiments

The highest enantiomeric excess was observed under slightly
alkaline conditions (8.3-9.7) using AMPSO buffer. Although
these BO-derived findings are mechanistically informative,
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their application at larger scale is limited by economic
considerations.

AMPSO is approximately ten times more expensive than
MES, MOPS, or HEPES, which were used to access the high-pH
range (8.3-9.7) in the BO study (SI, section 1.9.3). TRIS-HCI
buffer serves as a cost-effective and widely utilized alternative,
offering a broad buffering range from pH 7.0 to 9.0.°°
However, neither AMPSO nor TRIS-HCI is classified as Good’s
buffers, and both have been reported to engage in metal-ion
complexation.”»>  Such interactions could potentially
interfere if the carrier preparation is transitioned again to
affinity immobilization at a later stage. Most importantly,
the choice of buffer system was found to significantly influ-
ence the AMDase activity. At a buffer molarity of 50 mM at pH
7.9, the enzymatic activity was significantly lower in TRIS-HCl
compared to HEPES and MOPS buffer (SI, section 3.2).
Consequently, preparative scale reactions were conducted
at pH 8.1 in HEPES buffer (buffering range pH 6.8 to 8.2). This
selection ensures a stable pH during the process, which
can tolerate minor adjustments without drastic fluctuations.
We further decided to set the reaction temperature to 30 °C for
all preparative-scale reactions. This serves as a triple compro-
mise of increased enzymatic activity, previously published
higher rates of spontaneous decarboxylation,*® and the poten-
tial deactivation of the biocatalysts during longer reaction
times.

To demonstrate the synthetic utility of the developed meth-
odology for producing enantiopure arylpropionic acids, 1e-5¢
were synthesized in both enantiomeric forms on a preparative
scale (Table 1). Upscaling these biotransformations required
biocatalyst quantities exceeding the volumetric productivity
achievable in standard shake-flask cultivations. Accordingly,
the AMDase variants IPLL and ICPLLG were produced via

304 |
= S 29
8 R rface |
» e o Damponts "
o 28 g
S
= 27
2
_; 26 26
Q
o S 25
g % 9
S 24
13 2
D 20 q 23

40 o

B Em T
30 TS <79
25 L2 B
20 ~<
Temperature [°C] 15 5 6 pH

Fig. 4 Mean functions (u) of the Gaussian process (GP) after the initial set of four experiments and the first iteration of optimized experimental con-
ditions for enhanced enantiomeric excess and activity of the biocatalyst (SI, section 1.9, for full details and validation data). The experimental data
points were collected in a rotating bed reactor system (SpinChem® V2). The corresponding basket was filled with AMDase ICPLLG immobilized on
amino polyacrylate carriers with C2 linkers and glutaraldehyde as a crosslinking agent. A. Response surface, represented by the GP mean function of
the enantiomeric excess (ee) of (S)-flurbiprofen after derivatization with TMS—CH,—N, and chiral GC measurement. B. Response surface, rep-
resented by the GP mean function of the initial activity after complete substrate injection into the rotating bed reactor system. The activity was cal-
culated on the carrier mass utilized for biocatalytic conversion. Samples of 100 pL were terminated in ACN/H,0O; 9:1, and measured by HPLC-DAD
(SI, section 2.1).

This journal is © The Royal Society of Chemistry 2026 Green Chem.
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Table 1 Results of the biocatalytic preparative scale synthesis of naproxen (1c), flurbiprofen (2c), 2-phenylpropionic acid (3c), 2-methyl-3-butenoic
acid (4c), and 2-ethyl-3-butenoic acid (5¢); each in both configurations (R/S). (R)-configuration of derivatives was produced with the BbAMDase IPLL
variant and the (S)-configuration by BbAMDase ICPLLG. Both types of AMDase were immobilized on amino polyacrylate carriers with C2 linkers and
glutaraldehyde as a crosslinking agent. The biocatalytic decarboxylations were carried out in an RBR (160 mL reaction volume for 1b-3b, 320 mL
reaction volume for 4b—5b) using HEPES buffer (pH 8.1, 50 mM, 30 °C). The ee value was determined by chiral GC measurements after >99% con-
version and derivatization in the case of aryl propionic acid derivatives. Reaction time until full conversion is specified in hours [h] and was deter-
mined by HPLC-DAD. The isolated product yields [%] and the PMI values are calculated based on the utilized alkyl ester-protected malonate (1a—5a).
Further details in SI, section 3.8

Product Abbr.  Molarity [mM] Reaction time [h] ee [%] Isolated yield [%] PMI‘ [kg kg]
(R)-Naproxen (R)-1c  58.1 47 99.0+ 0.1 94.2 160
(S)-Naproxen (SK1ec  58.1 48 99.4+0.3 96.3 156
(R)-Flurbiprofen (R)-2¢ 36.7 23 99.0+0.2 90.2 204
(S)-Flurbiprofen (S)2¢  36.7 17 99.1+0.3 90.3 203
(R)-2-Phenylpropionic acid OH (R)-3c 45.6 1.7 99.0+0.0 87.7 228
(S)-2-Phenylpropionic acid S (S)-3¢  45.6 21 >99 90.2 250
(R)-2-Methyl-3-butenoic acid ~ Ox,-OH (R-4c 3.2 24 99.4+0.0 93.6 4467
(S)-2-Methyl-3-butenoic acid ;/\ (S)-4c 3.2 24 96.4+1.7 89.3 4686
|
(R)-2-Ethyl-3-butenoic acid®  Ox,-©H (R)-5¢ 3.2 24 93.1+0.7 82.9 4626
(S)-2-Ethyl-3-butenoic acid® ’j% (S)-5¢ 3.2 24 >99 79.8 4807
\

“The conversion was determined by HPLC-DAD with 92.8 + 0.9%. Full conversion to (R)-ethyl-3-butenoic acid could not be reached in three rep-
etitions. ” Full conversion was reached based on HPLC analysis. © Process mass intensity (PMI; the total mass of materials used for the mass of
the final product) is used to benchmark the “greenness” of a process by focusing on the total mass of all materials used to produce a given mass

of product.

high-density cultivation in a DASGIP multi-bioreactor
system.>®

Following biomass harvest, cells were processed into CFE
by microfluidization in the immobilization buffer. The result-
ing CFE was used directly for immobilization without further
purification. This approach, which allows partial nonspecific
immobilization of other proteins, was previously shown to
stabilize AMDase in repeated-batch studies by ABmann et al.*”
Among the tested carriers, polyacrylate carriers functionalized
with C2 spacers and crosslinked with glutaraldehyde yielded
the highest TTNs (Fig. 3) and were therefore selected for pre-
parative-scale reactions.

All preparative-scale reactions were performed
SpinChem® S2 RBR system. To streamline operation, the RBRs
were run by using only the outer mesh, allowing rapid and
homogeneous packing of enzyme carriers by hydrodynamic
flow. Carrier beads were directly added to the reaction vessel
and captured by convective flow driven by centrifugal suction
of the basket, enabling a self-packing mechanism that greatly
simplified reactor loading. All preparative reactions achieved
>99% conversion. Product isolation was adapted to solubility:
the NSAIDs naproxen (1c) and flurbiprofen (2¢) were recovered
via acid-induced precipitation, whereas the more water-soluble
derivatives 3c-5c¢ required liquid-liquid extraction. Isopropyl
acetate was chosen as the extraction solvent due to its lower
water solubility®> and greater resistance to acid-catalyzed
hydrolysis compared with ethyl acetate, minimizing solvent

in a

Green Chem.

loss and preventing acetic acid formation during prolonged
workup or uncontrolled pH adjustment. This approach stream-
lined the isolation process and reduced the extent of drying
required for the organic phase. All final products were dried
under reduced pressure at 22 °C before characterization (SI,
section 3.8).

Sustainability assessment and process mass intensity (PMI)

To evaluate the environmental footprint of this intensified
process, we conducted a comparative sustainability analysis
against previously reported enzymatic decarboxylation meth-
odologies utilizing AMDase (Fig. 5). We utilized Process Mass
Intensity (PMI) as the primary Green Metric.”® The PMI pro-
vides a comprehensive assessment by accounting for the total
mass of all materials, including water and solvents for the pro-
duction of a unit mass of product (SI, eqn (S15)). This can
offer a more holistic perspective than the traditional
Environmental-factor (E-factor, kgwaste K€product)>*>* for active
pharmaceutical ingredient (API) production, as it incorporates
the grade and quantity of water, a critical factor in biocatalytic
systems.>®

The determined PMI values of the preparative scale reac-
tions of this work are summarized in Table 1. The PMI assess-
ment encompassed the entire sequence: alkaline hydrolysis,
integrated enzymatic decarboxylation with in situ pH control,
and final product isolation. The determined PMI values
directly reflect the influence of the utilized isolation procedure

This journal is © The Royal Society of Chemistry 2026
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A. This study: Production of optically pure NSAIDs B. Biphasic process for
Naproxen (1c) and Flurbiprofen (2c) (R)-a-heteroaryl propionic acids
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Fig. 5 A. Visualization of the process mass distribution of the naproxen-based process of the current state-of-the-art, compared to the distribution
after potential future sustainable process development. This accounts for the reuse of 90% of organic solvent after the precipitation of disodium
naproxenmalonate and the recycle of enzyme carrier preparation according to the reported value of 140 kgproduct kge,,zyme‘:l for (S)-naproxen.’® The
determined PMI values for each process are seen below the respective pie chart. B. Process mass distribution and PMI value of the biphasic process
of dibenzylester hydrogenolysis and subsequent enzymatic decarboxylation for the synthesis of (R)-a-heteroaryl propionic acids (Scheme 2B). The

data is determined based on the available information in the publication.?®

(downstream), where the acid-induced precipitation of
naproxen (1c¢) and flurbiprofen (2¢) resulted in mean values of
158 kg Kgproduct — and 203 kg Kgproduer ', respectively (with
differences directly related to their substrate loadings of 58
and 37 mM). In contrast, 2-phenylpropionic acid (3¢) required
organic extraction due to its higher water solubility, which
increased the process mass intensity (239 kg kgproduce ')- The
higher PMI values observed for the 2-alkyl-3-butenoic acids 4c
and 5¢ (~4600 kg Kgproduer ') highlight the necessity for
further optimization of the saponification step and enzyme
engineering to support intensified substrate loading leading to
a more proper use of resources, water and solvents.

As preparative-scale reactions were conducted in single
batches, the reusability of the immobilized carrier was not
included in the initial assessment. Consequently, the impact
of the immobilized enzyme on the PMI is substantial com-
pared to the use of CFE. Previous reports of optically pure
naproxen production reported an E-factor of 84 Kkguaste
K€produet ', which translates to a PMI of 343 kg kgproduct
when all materials and solvents are accounted for (or 309 kg
kgpmduct_1 assuming biocatalyst reuse, which would be com-
parable to the complete E-factor). For comparison, the
reported synthesis of optically pure flurbiprofen was deter-
mined to have a PMI of 580 kg Kgproduee '-'¢ Besides the opti-
cally pure arylpropionic acids, the telescoped biphasic process
for the production of (R)-a-heteroaryl propionic acids
(Scheme 2B) was determined to have a PMI of 71 kg kgpmduct_1
on a scale of 50 g protected substrate.>® However, it should be
noted that this early stage of optimized industrial application
of AMDase relies on the organic extraction of the product.

This journal is © The Royal Society of Chemistry 2026

In contrast, the precipitation option for the derivatives of
naproxen (1b-c¢) and flurbiprofen (2b-c) shows a distinctive
process advantage: besides the product precipitation of 1c and
2¢, the process benefits from the precipitation of disodium
naproxenmalonate (1b) and disodium flurbiprofenmalonate
(2b) during the alkaline hydrolysis (Scheme 3B). This allows
the implementation of organic solvent recovery (estimated at
90%), which would result in significant sustainability gains.
Furthermore, the potential for enzyme carrier reusability was
estimated based on literature values of 140 kg, oduct kgemyme_1
for (S)-naproxen.'?

The potential of future process development is visualized in
Fig. 5, illustrating the process mass distribution for the
naproxen-based process. Implementing the described optimi-
zations, the PMI could be further reduced by 54% for naproxen
to 73 kg kg™, and by 46% for flurbiprofen to 110 kg kg ™.

Apart from assessing the amount of waste generated in the
processes (PMI) and allocating the main impact contributors,
it is also relevant to consider the fate of such wastes when
treated, as well as the impact of the energy necessary to
conduct the reaction. Overall, the ultimate environmental
burden of waste treatment and energy invested can be trans-
lated to CO, formation, which acts as permanent (and compar-
able) waste.>® Thus, to complement ‘mass-based’ Green
Metrics, we further assessed the environmental profile of the
biocatalytic production of (S)-naproxen through a Global
Warming Potential (GWP) analysis (Fig. 6).°>°' We evaluated
the three main contributors for GWP: (i) the cumulative CO,
contributions from upstream energy demand (assuming the
current impact of the European grid as 0.25 kg CO, kWh™");%?

Green Chem.
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Fig. 6 Visualization of the global warming potential (GWP) analysis of
the established biocatalytic process of naproxen production. The distri-
bution of impact factors highlights wastewater treatment as the main
contributor to CO, release.

(i) the stoichiometric reaction release, since malonates are
often petrochemical, and a decarboxylation is conducted; (iii)
and the impact of the wastewater treatment, which can be vari-
able in CO, production depending on the recalcitrance of the
wastewater (from mild treatment to incineration).

Since water is acidified during the downstream, an inter-
mediate impact scenario between mild treatment and incinera-
tion was considered.®® Overall, we identified the wastewater
treatment as the main environmental hotspot, contributing
29.4 kg CO, kgpmduct_1. This value results from the acid-
induced precipitation of naproxen, which would likely necessi-
tate a pre-treatment for the acidic wastewater before discharge
into a standard treatment plant.

Furthermore, as naproxen precursors originate from petro-
chemical feedstocks, we accounted for the stoichiometric release
of CO, for the availability of the substrate and the enzymatic de-
carboxylation itself, adding 0.4 kg CO, kgproduct_l. Combined
with the required upstream energy investment of 2.1 kg CO,
kgpmduct_l, the biocatalytic process established a total GWP of
31.8 kg CO, kgpmduct_j. This quantitative assessment reveals that
while the enzymatic step is highly efficient, the overall carbon
footprint remains intrinsically linked to the downstream neutral-
ization requirements and subsequent wastewater treatment.

Conclusions

This work establishes an intensified, potentially sustainable
biocatalytic route for the asymmetric synthesis of
a-arylpropionic acids through the integration of alkaline
hydrolysis and enzymatic decarboxylation. By employing
dimethyl malonate precursors, the process avoids both the
safety risks associated with hydrogenolysis and the low atom
economy of bulky dibenzyl esters. The critical challenge of
spontaneous decarboxylation was mitigated using an auto-
mated in situ pH-stat-controlled RBR, which stabilized the
malonate intermediates while maintaining an optimal
environment for the biocatalyst.

Process intensification relied on robust immobilization of
AMDase variants. C2-amino polyacrylate carriers (Seplife®
EMC72258S) provided the necessary operational stability and

Green Chem.
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heterogeneity for preparative-scale applications. This configur-
ation enabled the efficient production of high-value non-
steroidal anti-inflammatory APIs, including naproxen and flur-
biprofen, achieving isolated yields of up to 96% and enantio-
meric excess exceeding 99%.

Quantitative sustainability metrics highlight the advantages
of this integrated approach. The PMI for naproxen synthesis
was 158 kg Kgproduet ', I€presenting a significant improvement
over previously reported biocatalytic processes. Moreover, the
precipitation of disodium malonate salts during saponification
offers a unique opportunity for organic solvent recovery and
hence efficient recycling. When combined with biocatalyst re-
cycling, this process architecture could reduce the PMI further
to 73 kg kgpmduct_l. Subsequently, the production of CO,
during the reaction (GWP) was assessed based on the main
contributors, the energy invested, the decarboxylation step,
and the wastewater treatment. Overall, actions devoted to gen-
erating less (and better treatable) wastewater appear to be rele-
vant for future improvement actions, as that fraction is the
main hotspot in GWP. Increasing substrate loadings, leading
to more optimized substrate-to-water ratios, may also be envi-
sioned for future works, en route to scale-up and potential
industrial implementation.

Likewise, we have found that the solvent composition for
the alkaline hydrolysis of dimethyl malonate precursors 1a
and 2a is critical and requires further development. Replacing
dichloromethane with other bio-based alternatives appears a
necessary future action, whereby a trade-off between the
solvent impact and the spontaneous decarboxylation and
enantiomeric purity of the product needs to be considered.

Ultimately, these findings demonstrate that integrating
process engineering with biocatalysis can deliver safer, more
efficient routes to enantiopure pharmaceutical building blocks
while adhering to Green Chemistry principles and identifying
hotspots for future improvement.
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