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The application of phenylalanine ammonia lyases (PALs) for the amination of a variety of cinnamic acids has been shown to be a cost-efficient method to produce a variety of phenylalanine analogues. Nonetheless, as many other biocatalytic tools, the process intensification, especially due to the high equivalents of ammonia needed, and the cost-efficiency of the catalyst production and use have been key points to further prove their usefulness. Here, we investigated the use of previously characterized PALs (AvPAL and PbPAL) for the amination of a series of substituted cinnamic acids. To enhance the process scalability and the reusability of the catalyst, we investigated the use of covalent immobilization onto commercially available supports, creating a heterogeneous catalyst with good recovered activity (50%) and excellent stability. The immobilized enzyme was also incorporated in continuous flow for the synthesis of 3-methoxy-phenyl alanine and 4-nitro-phenylalanine, which allowed for shorter reaction times (20 min of contact time) and excellent conversions (88% ± 4% and 89% ± 5%) respectively, which could be maintained over extended period of time, up to 24 h. This work exemplifies the advantages that the combination of enzyme catalysis with flow technologies can have not only in the reaction kinetics, but also in the productivity, catalyst reusability and downstream processing.
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1 INTRODUCTION
Non-natural amino acids constitute an important group of building blocks for the drug, agrochemical, and protein therapeutics industry (Bommarius et al., 1998; Oliva et al., 2018; Narancic et al., 2019; Ding et al., 2020). Thus, their production as optically pure forms has been extensively studied and proved with multiple synthetic strategies. One of the most interesting and promising approach is the use of enzymes for their higher enantioselectivity and chemoselectivity. From the different strategies reported, the use of amine transferases, ammonia lyases and aminomutases has grown in attention mostly for the simplicity of the required starting materials and ammonia sources and their independence on addition of external cofactors, such as NAD(P)H, as in the case of oxidoreductases (Shin and Kim, 2009; Turner, 2011; Mathew and Yun, 2012; Nestl et al., 2014).
Among the different options, one of the most studied groups of enzymes are phenylalanine ammonia lyases and aminomutases. Both enzymes, have been primarily used for the production of phenylalanine analogues. Both classes, show very high homology in terms of sequence, folding and even catalysis (Heberling et al., 2013). First discovered in the biosynthesis of polyphenolic compounds in plants (Camm and Towers, 1973), phenylalanine ammonia lyases (PALs; EC 4.3.1.24) naturally catalyze the conversion of L-phenylalanine to trans-cinnamic acid, releasing ammonia. The reaction happens without need for external cofactors, only the 3,5-dihydro-5-methylidene-4H-imidazol-4-one (MIO) group, a prosthetic group formed spontaneously in the enzyme active site is needed for catalysis. More importantly, these enzymes show the capacity to catalyze the reverse reaction in high concentrations of ammonia, enabling the synthesis of substituted phenylalanine analogues from their corresponding cinnamic acids. Nonetheless, in the synthetic direction, even with high concentrations of ammonia in the reaction, the maximum reported conversions are around 80%–90% due to the unfavorable equilibria.
Another limitation is the narrow substrate scope and low specific activity that most of these enzymes exhibit. To enhance their activity and substrate scope, efforts have been centered in their engineering, towards the synthesis of products with various electronic characteristics with high similarity to phenylalanine (Lovelock and Turner, 2014; Weise et al., 2015; Bencze et al., 2017; Dreßen et al., 2017). In fact, these enzymes have even been combined in chemoenzymatic cascades for the synthesis of biaryl alanine (Ahmed et al., 2015; Weise et al., 2016; Ahmed et al., 2018; Nagy et al., 2019). In terms of operational stability in high concentrations of ammonia, these enzymes pose a challenge. However, their immobilization and therefore creation of heterogeneous catalysts, can greatly enhance their stability and reusability. Different techniques for the immobilization of PALs have been tested previously. Cross linked enzyme aggregates (CLEAs) showed increased thermal and operational stability, with good recovered activities (up to 45%) compared to the free enzyme (Cui et al., 2012). CLEAs have even been combined with magnetic particles to facilitate their separation from the reaction bulk (Sundlass et al., 2013; Cui et al., 2014). They have also been previously immobilized in carbon nanotubes (Jiang et al., 2004; Boros et al., 2021), even using site-specific chemistries for their implementation in continuous flow.
Here, we present the evaluation of two previously characterized PALs, AvPAL (Anabaena variabilis phenylalanine ammonia lyase) (Lovelock and Turner, 2014) and PbPAL (Planctomyces brasiliensis phenylalanine ammonia lyase) (Weise et al., 2017; Ahmed et al., 2018), for the synthesis of derivatives of phenylalanine. Through careful selection of the ammonia source, conversions of up to 85% in batch were achieved using the free enzyme. Moreover, through a screening of commercially available supports, we created an immobilized catalyst with up to 60% recovered activity and >90% immobilization yield, that could be used in a packed bed reactor in flow for the synthesis of two relevant cinnamic acid derivatives, with excellent productivities and high stability of the catalyst under those conditions. The combination of biocatalysis in continuous flow, also allowed for downstream extraction of the unreacted substrate and recovery through in-line liquid/liquid extraction.
2 MATERIALS AND METHODS
All reagents were purchased from Sigma Aldrich, Alfa Aesar, Apollo Scientific and used without further purification.
2.1 Protein expression and purification
Anabaena variabilis (AvPAL) and Plantomyces brasiliensis (PbPAL) phenylalanine ammonia lyases were expressed following previous protocols with minor modifications (Lovelock and Turner, 2014; Weise et al., 2017). For both PbPAL and AvPAL, after an overnight culture from a single colony, 300 mL of LB media were inoculated with 3 mL of the overnight culture. Once the OD600 reached 0.6–0.8 the media was supplemented with 1 mM IPTG (isopropylthio-β-galactoside) and expression was carried out at 18°C for 16 h. The cell pellet was collected by centrifugation (2,500 rpms, 30 min), resuspended in lysis buffer (100 mM Phosphate buffer, 0.3 M NaCl at pH 8) and sonicated for 10 min at 50% amplitude with a FisherBrand sonicator (40 cycles, 5″ON/10″OFF). The lysate was centrifuged at 14,500 rpms for 45 min to remove the insoluble part, and the supernatant filtered before purification with HisTrap Crude 1 mL columns loaded with Ni2+ with an ÄKTA pure FPLC system. Finally, the proteins were dyalized against 100 mM phosphate buffer pH 7.5 for 16 h and stored at 4°C. Protein concentration was measured by Abs280 using a BioTek Take3 plate in the BioTek EPOCH and an extinction coefficient estimated using ProtParam (https://web.expasy.org/protparam/).
2.2 Activity measurement
The activity of the two phenylalanine ammonia lyases used was measured identically and as reported previously (Lovelock and Turner, 2014; Weise et al., 2017), following the formation of cinnamic acid at 290 nm with a Cary60 UV-Vis Spectrophotometer. In a final volume of 1 mL, 790 µL of bicarbonate buffer pH 9 were mixed with 100 µL of a stock solution of 100 mM of L-Phenylalanine at pH 9. The solution was kept for 2 min at 37°C before the addition of 100 µL of the enzyme solution diluted to 0.1 mg/mL. The reaction was followed for 10 min using a Cary60 UV-Vis Spectrophotometer. One unit of enzymatic activity was defined as the amination of 1 nmol of cinnamic per minute. PbPAL showed an activity of 0.05 ± 0.01 U/mg protein and AvPAL showed an activity of 0.10 ± 0.02 U/mg protein.
2.3 Biotransformations
The biotransformations, either with the enzyme in its soluble or immobilized form, were performed in 2 mL Eppendorf tubes. Typically, unless stated otherwise, the biotransformations were performed in 1 mL of final volume with 2 mg/mL of free enzyme or 50 mg of immobilized form, 10 mM of the cinnamic acid derivative and 2 M of ammonium carbamate in bicarbonate buffer pH 10. The biotransformations were kept at 37°C in an incubator with 150 rpm mixing. Samples were taken at the desired times. For the immobilized enzyme, no more than 10% of the final volume was removed from the biotransformation during the reaction.
2.4 Enzyme immobilization
AvPAL and PbPAL immobilization was performed following previous reports (Mateo et al., 2007) with minor modifications. In short, 1 g of support was mixed with 4 mL of modification buffer [sodium borate (0.1 M) and iminodiacetic acid (2 M) in phosphate buffer (50 mM) pH 8.5], containing iminodiacetic acid and stirred for 2 h. After thorough washes with water, 10 mL of 0.1 M CoCl2 were added and incubated for 2 h before addition of the enzyme in 10 mL 50 mM phosphate buffer pH 8. The solution was left in contact with the resin for 16 h and the preparation was filtered, washed, and incubated for 16 h with blocking buffer at 25°C (4M glycine).
Immobilization yield is defined as the amount of protein bound to the support compared to the offered protein. The specific activity refers to the U/mgprotein once immobilized while the expressed activity refers to the U/gsupport.
2.5 Continuous flow
Flow reactions were performed with a Vapourtec R3+ system. In the different reactions, flow rates were adjusted from 20 to 200 μL/min to achieve the desired retention times or reaction times. Sampling was performed after the reactions and all results were analysed, at least, by the HPLC method detailed here. The column for the packed bed reactor was Omnifit glass column (6.6 mm i.d. X 100 mm length). In-line extraction was performed by mixing the reaction mixture after addition of H2SO4 with Isopropyl acetate (IpAc) at the same flow rate. The mixture was collected in a beaker and the organic phase containing the substrate pumped back to the original substrate mixture.
2.6 HPLC method
The samples were analyzed by HPLC (Dionex UltiMate 3000, Waters X-Bridge C18 (3.5 µm, 2.1 mm × 100 mm), measuring at 210, 250, and 265 nm), using a gradient method from 5:95 to 95:5 (H2O:MeCN 0.1%TFA) over 12 min with a flow rate of 0.8 mL/min. Conversions were assessed comparing the remaining substrate to a standard curve as well as the increase in the product concentration. Retention times were: o-methoxy cinnamic acid: 5.830 min; o-methoxy phenylalanine 4.617 min; p-methoxy cinnamic acid: 5,750 min; p-methoxy phenylalanine 3.730 min; o,p-dichloro cinnamic acid: 6.570 min; o,p-dichloro phenylalanine 4.980 min; p-NO2 cinnamic acid: 5.763 min; p- NO2 phenylalanine 4.590 min.
3 RESULTS
3.1 Initial reaction characterization and batch biotransformations
First, to assess the reaction conditions necessary to prepare the desired L-phenylalanine derivatives, we set to explore the effect of the different ammonia sources in the reaction kinetics. These studies were performed with both AvPAL and PbPAL, in order to select the most suitable catalyst for the set of cinnamic acids under study. Other reports have shown the effect of the ammonia source can have on the final conversion depending on the enzyme used and the conditions (Weise et al., 2016; Boros et al., 2021). Thus, we selected m-MeO-cinnamic acid as the first test substrate and we investigated 4 different ammonia salts: ammonium carbonate, ammonium chloride, ammonium sulfate and ammonium carbamate.
In our case, a clear trend arose when comparing different ammonia sources (Figure 1). A large excess of ammonia is indeed needed to push the reaction toward the amination of cinnamic acid with these biocatalysts, in all cases. Thus, in our first screening, all ammonia sources were kept at a constant 5 M (500 equivalents) and 10 mM of the cinnamic acid derivative. While the pH did not change significantly during the reaction with any of the ammonia salts used, only with ammonium sulfate and ammonium carbamate conversion of >30% could be observed with PbPAL. PbPAL indeed reached >60% after 24 h with ammonium carbamate. For AvPAL a very similar trend appeared, but it showed consistently lower conversions. We then investigated the effect of the concentration of ammonium carbamate on the final conversion, and 2 M, yielded already a conversion superior to 70% after 24 h of reaction (Supplementary Table S2). Previous reports also indicated superior conversion rates with ammonium carbamate, explained by the lower ionic strength of this ammonium salt that could contribute to a higher enzyme stability, and therefore, higher final conversion of the initial substrate (Boros et al., 2021).
[image: Figure 1]FIGURE 1 | Ammonia sources tested for both AvPAL and PbPAL. The reaction was performed at 10 mM of the 3-methoxy cinnamic acid, 5M of ammonium salt and 0.5 mg/mL of the corresponding enzyme at 37°C and in a final volume of 1 mL. Samples were taken after 4 and 24 h. Conversions were measured by substrate depletion in the HPLC as detailed in the materials and methods. The results correspond to the average of two samples for each condition and enzyme.
We moved to explore a set of 4 different cinnamic acid derivatives with various substituents (Table 1). Three substrates showed significant conversion with both enzymes (m-methoxy cinnamic acid -1a-, o,p-dichloro cinnamic acid -2a- and p-NO2-cinnamic acid -4a-). It is noteworthy though, that 2a, showed very poor solubility even with the addition of 30% DMSO and therefore, could only be tested at 1 mM scale. These results are in accordance with previous reports with both AvPAL and PbPAL. Both enzymes’ favours cinnamic acids derivatives with electron withdrawing groups such as NO2 and halogens, rather than electron donating groups such as methoxy in para position. This preference, seems to be the result of a combination of factors: the electronics of the substrate and its interaction with the catalytic mechanism as well as steric effects and binding affinity (Ahmed et al., 2018). Previous reports also indicated the capacity of PbPAL to aminate m-methoxycinnamic acid in similar conditions, but significant engineering of the architecture of the active site was needed to achieve reasonable activity against the 4-methoxy version.
TABLE 1 | Substrates tested for the amination with both AvPAL and PbPAL. The reaction was performed at 10 mM of the substrate, 5M of ammonium carbamate and 1 mg/mL of the corresponding enzyme at 37°C and in a final volume of 1 mL. Samples were taken after 4, 24 and 48 h. Conversions were measured by substrate depletion in the HPLC as detailed in the materials and methods.
[image: Table 1]With all substrates though, as reported before, the conversion was never complete. This issue, previously observed and discussed with phenylalanine ammonia lyase poses a limitation on the application of these enzymes. Efforts to push the equilibria further have been explored before through mostly, the addition of high equivalents of ammonia or aiding enzymes (Abu and Woodley, 2015; Weise et al., 2016; Hardegger et al., 2020). In our case, we wanted to apply this biotransformations in a continuous flow reactor to study the effect that a higher local concentration of catalyst might have on the biotransformation and to enable simpler and in-line separation of the product from the substrate and the recovery of the latter to enhance to cost-effectiveness of the process itself.
3.2 Covalent immobilization of AvPAL and PbPAL
To incorporate the enzyme in continuous flow, we created a heterogeneous biocatalyst through enzyme immobilization. Several reports are available on the immobilization of PALs using carrier-free methods (Cui et al., 2012; Dong Cui et al., 2015) as well as entrapment or anchoring to a plethora of materials (Cui et al., 2014; Bartha-Vári et al., 2015; Dong Cui et al., 2015; Boros et al., 2021; Koplányi et al., 2021). In this study, we focused on the covalent immobilization of AvPAL and PbPAL in commercially available methacrylic supports and Agarose 6BCL using epoxy handles to create a stable, reusable and easy to prepare catalyst. Epoxy immobilization had been used previously for PALs in microreactors and magnetic nanoparticles with good results (Weiser et al., 2015; Sánta-Bell et al., 2019). As the enzymes possess a His-tag, we took advantage of this characteristic to direct the immobilization and promote the covalent binding, following an established protocol (Mateo et al., 2007). Initial analysis of the surfaces of both enzymes (Supplementary Figure S3), indicated that all of them possessed a significant amount of lysine’s on the surface (5% and 2%) but had a strong hydrophobic character with 18 and 14 clusters of hydrophobic residues (3 or more residues at less than 5Å distance). Our screening included EP400/SS, EP403/S (both methacrylic resins with different hydrophobicity), HFA403/S (a methacrylic resin with amino epoxy handles) and agarose 6BCL functionalized with epoxy groups (Supplementary Table S1).
With a loading of 5 mg protein/g support while the immobilization yield was over 70% in all cases (Supplementary Table S3), due to the low activity shown by both enzymes in the standard activity assay (0.1–0.05 U/mg protein), no activity could be detected using the spectrophotometric method in a reasonable time. Therefore, we moved away from this approach and directly applied the immobilized biocatalyst in biotransformations over longer periods of time. We tested the capacity of the different heterogeneous catalyst to aminate m-MeO cinnamic acid in identical conditions to the test performed with the free enzyme (Figure 2).
[image: Figure 2]FIGURE 2 | Time course of the biotransformation using immobilized enzyme for both AvPAL and PbPAL over 48 h with substrate 1a (m-MeO-cinnamic acid). 50 mg of the immobilized enzyme were mixed with 1 mL of 10 mM of 1a and 2 M of ammonium carbamate in 100 mM carbonate buffer pH10. Conversions were measured by HPLC using the method detailed in the materials and methods. The results correspond to a single measurement.
The biotransformation showed that in all cases the enzymes were indeed immobilized in their active form as activity could be detected with all supports. Interestingly, with both enzymes the biocatalyst prepared with agarose as the support, showed slower kinetics and lower final conversion, but all the methacrylic resins behaved very similarly. The immobilization, moreover, was confirmed to be exclusively covalent, as boiling of the resins did not show any protein leaching (Supplementary Figure S2). Even when immobilized, PbPAL clearly outperformed AvPAL.
Due to the higher catalytic efficiency obtained with the methacrylic resins EP400/SS and EP403/S, and the inert effect the amino group seemed to have on the immobilization, we selected both methacrylic resins for further studies with the better performing PbPAL. To enhance the expressed activity (U/g support) and maximize the catalytic efficiency of the heterogeneous catalyst we doubled the loading of the protein, reaching immobilized loadings of up to 9 mg protein/g support. With the higher loading used in these new preparations, the activity was measurable using the standard activity assay over extended reaction times (up to 20 min) and the recovered activities were up to 60% of the initial activity of the free enzyme (Table 2).
TABLE 2 | Results of the immobilization of PbPAL in the two best supports tested. The immobilization was performed as detailed in the materials and methods. Activity was determined following the standard activity assay. The initial activity of the enzyme was 0.05 U/mg. The immobilization yield corresponds to the average of three measurements with the standard deviation, the expressed activity and recovered activity correspond to the average of duplicate measurements.
[image: Table 2]3.3 Application in continuous flow
Once the heterogeneous catalyst was optimized, we set to test its efficiency when used in a packed bed reactor (PBR) in continuous flow for the transformation of the two best substrates: m-MeO-cinnamic acid and p-NO2-cinnamic acid. Initial tests in flow, revealed that the substrate was sequestered by the methacrylate supports packed in the column with both EP403/S-PbPAL and EP400/S-PbPAL. When using the most hydrophilic resin (EP400/S) though, only 3 column volumes were needed to reach equilibration and detect both product and substrate in the outlet, and thus, all further tests were performed with EP400/SS-PbPAL 10 mg/g preparation with ammonium carbamate as the ammonia source.
Initially, different retention times were evaluated to understand the reaction kinetics (Figure 3A). With the setup detailed, only 20 min were necessary to reach conversions of over 75% consistently over multiple cycles and a further increase in the retention time did not change significantly the yield. As for the temperature, while initially conversions seemed to be nearly identical at all tested temperatures (Supplementary Figure S4), at 40°C the conversion was slightly lower and at 45°C, over time, an inactivation of the catalyst was observed. Thus, the ideal conditions in flow were fixed to 20 min of retention time and 37°C. These conditions were tested with both substrates (Figure 3B) and the results indicated that the conversion could be maintained for at least 6 column volumes (2 h of reaction time, 3 h total) without apparent loss of activity or drop in conversion.
[image: Figure 3]FIGURE 3 | Continuous flow synthesis of 1a and 4a by immobilized PbPAL on methacrylate-based carriers (EP400/SS—10 mg/g). Conversions were always measured by HPLC. On top, the scheme of the flow setup is depicted. (A) Screening of the retention time and temperature needed to achieve maximal conversion of 1a. A column packed with 2.5 g of immobilized enzyme was used in all cases. Reactions were performed with 10 mM of 1a and 2 M ammonium carbamate at varying flow rates and reactor temperatures. The results correspond to the average conversion obtained after 5 column volumes, and the error bars correspond to the standard deviation. (B) Conversion profile over time of 1a and 4a processing a total volume of 20 mL. The reaction was performed with a retention time of 20 min at 37°C with 10 mM of 1a or 4a and 2 M ammonium carbamate in 100 mM bicarbonate buffer pH 10. The results correspond to single conversion values measured after the collection of 3 column volumes.
To further prove the stability of EP400/SS-PbPAL 10 mg/g, we performed 3 cycles processing 40 mL of volume in each using the same 2.5 g of immobilized enzyme. Each reaction was continued for a total time of 8 h. As the reaction is limited by the equilibrium (despite the excess of ammonia), here we introduced an in-line liquid-liquid extraction where the separation of the generated amine from the unreacted starting material could be performed (Figure 4). Through acidification to pH 5, the positively charged product stays in the water phase while the uncharged substrate can be recovered in the organic phase. Thus, a stream of concentrated H2SO4 was introduced after the PBR followed by the addition of isopropyl acetate (IPAc). Due to the high concentrations of ammonia, the amount of acid needed to bring the reaction mixture to a pH lesser than 5 was 1:1 ratio with the flow rate of the reaction. IPAc was added at half the flow rate to concentrate the substrate. With this setup, almost quantitative extraction of the substrate was achieved (Supplementary Figure S5) with no product detected in the organic phase. Over the accumulated 24 h, the catalyst did not show any significant loss of activity, indicating that it can be used up to 24 h without impacting the final yield. Here, washing the PBR with water between the different cycles was key to maintain the catalyst activity, as when stored for >6 h in contact with the high concentrations of ammonia used in the reaction resulted in a reduction of the expressed activity of the catalyst.
[image: Figure 4]FIGURE 4 | Results of the repeated use of 2 g of PbPAL immobilized in EP400/SS—10 mg/g with 1a and the scheme of the in-line separation of the unreacted substrate. The graph on the right shows the average conversions obtained in the continuous processing of 3 batches of 40 mL of reaction (6.7 h of reaction) of 10 mM of 1a, 2M ammonium carbamate in 100 mM bicarbonate buffer pH 10 with the same packed bed reactor and without changing the catalyst. The results correspond to the average conversion obtained after 3 measurements and the error bars correspond to the standard deviation.
4 DISCUSSION
The application of PALs for the synthesis of amino acid derivatives has been vastly explored in the past, but their process intensification still remains one of the key objectives to move them towards powerful industrial synthetic tools. Through covalent immobilization in commercially available resins and the integration of the process in continuous flow, we greatly enhanced the process productivity and moreover, the catalyst productivity (Table 3). Compared to the batch reactions, either with free or immobilized enzyme, our continuous flow test constitutes further prove of the advantages the combination of biocatalysis and flow chemistry can bring to these syntheses. While the reaction in batch with immobilized enzyme had a decreased STY due to the longer periods of time needed to reach the full conversion, the short reaction times (20 min) necessary in flow give an increment of 3-fold compared to the productivity of the system in batch. Comparing this process to the benchmarks indicated by Meissner et al. (Meissner and Woodley, 2022), while the yield of the reaction is inferior to the desired 90%, the obtained STY rate is superior to the desired for high priced products (>100 $/kg) of 1–10 g/L/h or medium priced products (5–100 $/kg) of 10–100 g/L/h.
TABLE 3 | Metrics of the reaction compared in batch with free enzyme, as an immobilized catalyst or in continuous flow. The calculation can be found in Supplementary Table S4. For the calculation of the catalyst productivity and E-factor, a volume of 100 mL was assumed to standardize the measures.
[image: Table 3]Moreover, due to the capacity to reuse the catalyst for long periods of time (up to 24 h), the catalyst productivity has been greatly enhanced (up to 10 times higher) taking into account the amount of enzyme needed to produce the same amount of product. While it is true that the productivity per total mass of catalyst still remains in the same figures as in batch, it is this capacity to recycle and reuse the catalyst when immobilized that pushes the cost-efficiency of the reaction even further. In this sense, comparing again with the benchmarks indicated by Meissner et al. in terms of specific yield, the enzyme productivity reported here is much closer to the desired catalyst productivity of 50 g product/g enzyme.
As for the sustainability of the system, amination of cinnamic acid with PALs still suffers from the need of high concentrations of ammonia and the high amount of water due to the low concentration of the substrate, which contribute the most the E-factor. While the reported E-factors are 7 times higher than the desired for pharmaceutical industry, we have been able to at least eliminate one of the produced wastes in the reaction: the catalyst. In addition and more importantly, the incorporation in flow of these biotransformations, allows for the recycling of the unused substrate by simple in-line liquid/liquid extraction, ensuring the minimum waste is produced and, possibly expensive substrates, can be recovered and reused in further reactions. Moreover, the water from these reactions could also be reused after treatment, reducing even more the environmental impact it could have.
In conclusion, this work highlights the advantages of the combination of flow technologies with biocatalysis, enabling the access in short reaction times and mild conditions to enantiopure analogues of phenylalanine, increasing the space time yield and catalyst productivity. This can be regarded as first step towards the application of this biotransformations in continuous flow and with in-line purification of the product, possible through liquid-liquid extractions as demonstrated here. The combination of biocatalysis and flow technologies, also opens the door toward diminishing the effect of the main solvent, water, towards the final reaction as it could also be recovered downstream to be recycled. On the other hand, the substrate concentration limitation could be surpassed by combining this technologies with novel approaches, such as deep eutectic solvents or alternative organic solvents to increase the substrate loading while maintaining the mild conditions reported here (Guajardo and Domínguez de María, 2019; van Schie et al., 2021; Holtmann and Hollmann, 2022).
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