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Abstract 

Biphasic reaction media are extending the scope of technical biocatalysis. 

Thorough investigation of the factors affecting catalyst performance under these 

conditions is of key importance for the successful implementation of catalytic 

processes. Here, we present a reactor setup suitable for comprehensive systematic 

characterization and optimization of biocatalyzed reactions in biphasic systems 

with distinct phases. It is distinguished by small volumes allowing reproducible 

experimentation with minimum amounts of solvent and catalyst. The interfacial 

area is kept constant and independent stirring of both phases is allowed in order to 

minimize superimposing effects. Evaporation of low-volatile organic solvents is 

prevented by use of airtight construction. The broad applicability of this mini-

reactor is demonstrated with regard to determination of mass transfer, enzyme 

productivity, and enzyme stability in both batch and continuous mode. 
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1 Introduction 

Application of biphasic reaction systems broadens the scope of biocatalytic 

transformations as compounds with low solubility or stability in water can be 

transformed. In these systems, the biocatalyst is usually located in the aqueous 

phase or at the interface between water and solvent, and the organic phase is the 

non-reactive phase acting as a reservoir [1, 2]. Most biocatalysts perform 

differently in biphasic reaction media than in purely aqueous or organic phases. 

This can be a result of changes in the concentration of substrates and products [3-

6] in the vicinity of the catalyst, direct interactions of small amounts of dissolved 

solvent with the catalyst [7], or interaction of the catalyst with the interface 

between aqueous and organic phase [7-10]. These parameters can either affect 

activity/productivity or selectivity of the biocatalyzed reaction [3-9] or influence 

the stability of the catalyst [6, 10]. The activity of many lipases, for instance, is 

considerably enhanced at interfaces whereas the same interaction may deactivate 

other enzymes [6, 10]. The particular impact of a biphasic system on a 

biocatalyzed reaction depends on the applied biocatalyst and the non-reactive 

solvent. For (bio-)technical application a thorough characterization of the 

biocatalysts’ performances in biphasic systems under relevant conditions is 

essential. So far, only few studies deal with the investigation of enzymatic 

performance in aqueous-organic two-phase systems with two defined liquid 

phases. Often, immobilized catalysts are employed as an aqueous phase 

suspended in organic solvents [11]. Emulsions can also be used beneficially [e.g. 

12, 13] but evaluation of mass transfer, concentration changes/ profiles and 
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interactions between biocatalyst and solvent phase is sometimes difficult to 

accomplish since the interfacial area which is depending on droplet size and their 

lifetime is hardly accessible. Emulsion systems are therefore not applicable for a 

thorough characterization of biphasic systems, in contrast to studies that used 

systems with two defined and distinguishable liquid phases. Most examples are 

concerned with the interactions between biocatalyst and solvent phase, either 

revealing inactivation at the interface [6, 10] or contrariwise interfacial activity 

[8, 9]. 

Here, we present an advanced, all-purpose reactor set-up for a systematic lab-

scale evaluation and optimization of biocatalyzed reactions in discrete biphasic 

systems. It is characterized by small volumes, a distinct and stable interfacial area 

between phases, and independent mixing of both phases. Exemplary applications 

to the investigation of mass transfer, enzyme activity, and solvent influences 

under process conditions are described and evaluated. 

 

2 Materials and methods 

Chemicals and enzymes 

Enantiomerically pure 3,3’,5,5’-tetramethoxy benzoin (TMB) was synthesized 

enzymatically with benzaldehyde lyase (BAL) according to [14]. 3,5-dimethoxy 

benzaldehyde (DMBA) was purchased from Alfa Aesar (Karlsruhe, Germany), 

NADH and NADP
+
 were from Jülich Chiral Solutions (Jülich, Germany). All 

other solvents and reagents were from Sigma-Aldrich (Steinheim, Germany) of 
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highest available purity and used without further purification. BAL was expressed 

and purified using the recombinant E. coli SG13009prep4 [pBAL-his6] according to 

[15]. Expression and purification of Candida parapsilosis carbonyl reductase 

(CPCR) was performed according to [16] by using the recombinant E. coli 

BL21(DE3) [pET26b(+)CPCR-his6]. Lactobacillus brevis alcohol dehydrogenase 

(LbADH) was a gift from X-zyme (Düsseldorf, Germany).    

Reactor components 

The double jacket glass vessel and the reactor head were built by the university 

workshop. The outer case of the head and the upper phase stirrer were made from 

stainless steel, all other parts were made from poly(ether ether ketone) (PEEK). 

All fittings and tubes were also made from PEEK and were purchased from 

Upchurch Scientific (Oak Habor, USA). For continuous dosage membrane pumps 

BF414S32 (Telab, Langenfeld, Germany) and syringe pumps MDSP3f 

(Micromechatronic Technologies MMT, Siegen, Germany), for batch experiments 

Liquiport NF100TT.185 membrane pumps (KNF, Freiburg, Germany) were used. 

Temperature was controlled using a water bath (Thermo Haake, Karlsruhe, 

Germany) or a cryostat (Huber, Germany). Magnetic stirrers for the lower phase 

were from IKA (Staufen, Germany). Miniaturized magnetic stirrers (Variomag, 

Daytona Beach, USA) were used for the upper phase. 

Batch experiments with BAL 

Experiments were followed inline by UV-Vis spectrometry in both n-hexane and 

the aqueous phase (potassium phosphate buffer and 25 % DMF, pH 8.5). UV-Vis 
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spectrometry was performed using a Varian Cary 50 (Varian, USA) equipped with 

two flow-through UV-Quartz cuvettes (Hellma, Germany) with a path length of 

5.0 mm. Measurement of substrate and product was performed at 325 nm (εDMBA: 

2.434 mM
-1

 cm
-1

 (buffer), 2.419 mM
-1 

cm
-1 

(n-hexane); εTMB: 2.26 mM
-1

 cm
-1

 

(buffer), 2.585 mM
-1

 cm
-1

 (n-hexane)) or in intervals of 0.5 minutes wavelength 

scans (250 – 350 nm) were taken of both phases and concentrations of all 

reactants were calculated according to Lambert-Beer’s law with extinction 

coefficients determined by independent samples (data not shown).  

Continuous experiments with LbADH 

Typically for continuous reaction, a 5.0 mL aqueous reactive phase contained 1.0 

mg mL
-1

 unpurified LbADH and 0.10 mM NADP
+
. Reaction was started by 

enzyme addition. Online GC-analysis of LbADH samples was performed using a 

6890 GC (Agilent, Germany) equipped with a CP-Chirasil-Dex CB capillary 

column (Varian, Germany) isothermally at 40°C (H2, 1.0 bar, injector 300°C, 

detector 280°C). Typical retention times: butanone 5.6 min; (R)-butanol 6.8 min; 

(S)-butanol 7.1 min; 1-butanol 12.2 min as standard.  

Continuous experiments with CPCR 

CPCR and NADH were provided in 5 mL aqueous phase overlaid with 5 mL of 

organic phase. Organic phase was continuously added by a dosing pump and 

removed by an overflow mechanism (pressurized with solvent-saturated nitrogen). 

Residence times were controlled by the volumetric flow rate of the organic phase. 

Samples from the outflow were analyzed via GC on a HP5890 Series II (Agilent, 
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Germany) equipped with a FS-Supreme 5 capillary column (CS-

Chromatographie, Langerwehe, Germany). Dodecane (20 mM) was used as 

internal standard in the organic phase. Typical retention times: 1-phenylethanol 

8.1 min; acetophenone 8.5 min; dodecane 11.1 min (N2 0.35 bar, injector 200°C, 

detector 290°C,  80°C, 98°C (2K/min), 200°C (35°C/min)). 

 

3 Results and discussion 

For the experimental determination of non-miscible solvent combinations on 

catalysts a suitable setup should combine and extend a number of advantageous 

features of previously reported designs [8, 9, 10, 17]. It should allow reproducible 

experimentation with minimum amounts to enable early testing and screening of 

(bio-)catalysts under biphasic conditions.  The interfacial area should be constant 

and the setup should allow the independent stirring of both phases to minimize 

superimposing effects. For the use with low-volatile organic solvents airtight 

construction was required to prevent evaporation. The number of materials should 

be kept to a minimum and allow operation with a wide range of solvents. 

The lab-scale reactor designed in this study is constructed of glass to allow visual 

inspection. The reaction room is a cylindrical glass vessel equipped with a tightly 

fitting head piece for inlet and outlet ports as well as the overhead suspension for 

stirring of the upper phase (Figure 1). By means of a double jacket temperature 

control is achieved. The interfacial area between overlaid immiscible solvents has 

a dimension of 3.1 cm² and is kept stable by independent, counter current stirring 
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of both phases using magnetic stir bars. For the lower phase standard equipment is 

applied. The upper phase stirring shaft is driven by a magnet in the head piece. 

The reaction vessel has a volume of 10 mL typically used for volume ratios of 

one. Volume ratios of up to three or one third (7.5:2.5 v:v), respectively, can also 

be used (data not shown). Five ports with 1/4-28 threads for flangeless airtight 

connections are provided for flexibility in operational mode and sampling. Wetted 

materials are glass, stainless steel and PEEK or PTFE tubing for sampling. We 

applied the cell in a range of examples from our current research. This includes 

the use in both batch and continuous mode. 

The enantioselective C-C coupling of aldehydes by thiamine diphosphate 

dependent enzymes is of high current interest for the synthesis of enantiomerically 

enriched hydroxy ketones [18]. The applicability of this reaction can be broadened 

considerably by the utilisation of biphasic conditions as substrates and in 

particular the products are generally poorly soluble in water. The coupling of 3,5-

dimethoxy benzaldehyde (DMBA) to 3,3’,5,5’-tetramethoxy benzoin (TMB) by 

benzaldehyde lyase from Pseudomonas fluorescens (BAL) in the biphasic system 

of hexane and aqueous potassium phosphate buffer with 25% DMF (v/v) is 

investigated as model system (Figure 2A). 

One of the key parameters influencing the performance of biocatalyzed reactions 

in biphasic systems is the transfer of reactants between the phases. The apparent 

rate is heavily governed by mass transfer and thermodynamic boundaries. 

Consequently, determination of mass transfer is required for both understanding 

and optimization of biphasic catalytic systems. Aqueous and organic phase were 

Page 8 of 21

Wiley-VCH

Biotechnology Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

connected to flow-through cuvettes in an UV-Vis spectrometer, allowing a time-

dependent inline-analysis of DMBA and TMB concentrations in both phases with 

a high data density. The total volume of each phase was 9 mL as increased by the 

volume in tubings and both phases were presaturated with the respective other in 

order to avoid changes in phase ratio. 

Based on the resulting curves, mass transfer coefficients of (9.96 ± 0.05)⋅ 10
-5

 

dm⋅s
-1

 and (5.74 ± 0.15)⋅ 10
-5

 dm⋅s
-1

 were determined for DMBA and TMB, 

respectively, according to the method of Peters and Zavrel [19] (Figure 2B). 

Additionally, equilibrium partition coefficients (Ki = ci,org/ ci,aq) of 3.434 ± 0.039 

(DMBA) and 0.370 ± 0.011 (TMB) can be derived. The small standard deviations 

of maximum 3% indicate good reproducibility.  

The same setup was applied to the reactive system with BAL in the aqueous 

phase. A typical time course for a batch experiment is shown in Figure 2C.  In 

combination with the mass transfer measurements shown above it can be 

concluded that the re-extraction of the product TMB into the non-reactive phase is 

rate limiting.  

In order to demonstrate the applicability of the two phase cell for continuous 

reactions the setup was varied to allow continuous dosage and withdrawal of the 

non-reactive phase. As a model reaction ketone reduction catalyzed by two 

different reductases, namely Lactobacillus brevis alcohol dehydrogenase and 

Candida parapsilosis carbonyl reductase, was investigated, both with substrate 

dependent cofactor regeneration (Figure 3A). 
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For LbADH reactions a syringe pump fed the substrates butanone and 2-propanol 

in MTBE into the reactor. The reservoir phase was withdrawn by another pump 

and fed to the GC flow cell. At intermittent time intervals, samples from the GC 

flow cell and external standard 1-butanol where withdrawn automatically and 

injected for analysis. A typical time course of the reaction with conversion and 

enantiomeric excess (ee) is shown in Figure 3B. After an initial lag phase of 2 

hours which is caused by the dead volume in the peripherals such as pump and 

tubing the reaction reaches a steady state of 70% conversion after 8 hours (4 

residence times). The ee in the steady state is at 91% which is a very good result 

for the comparably difficult substrate R-2-butanone. Furthermore, the absence of 

apparent deactivation is remarkable and target of current investigations. 

A major task when setting up a biphasic reaction is the selection of a suitable 

solvent. Apart from characteristics as price, bio-degradability and toxicity, which 

are rather easy to evaluate, the ability to solve substrates and products and the 

impact on the catalyst itself are the most important features. Solubility of reactants 

as well as their partition in different two-phase systems can be predicted quite 

precisely by means of various parameters and the respective methods [3, 19, 20]. 

In contrast, the effects on the biocatalyst are still barely predictable, although 

many studies tried to correlate the performance of biocatalysts with various 

physicochemical parameters such as dielectric constants, log P or the surface 

tension [21]. Thus, it is still necessary to screen potential solvents experimentally 

to find the most suitable. Often storage stability of biocatalyst in presence of 

different solvents is measured in order to select a solvent [e.g. 7, 22, 23], but the 
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more significant operational stability is rarely investigated. With the here 

introduced set-up it is rather easy to screen a set of potential solvents that ensure 

good solubility and partition for their biocompatibility for a target biocatalyst 

under reaction conditions. For the CPCR-catalyzed reduction of acetophenone to 

1-phenylethanol different organic solvents were tested as organic phase in 

continuous mode in order to evaluate their impact on enzyme stability under 

reaction conditions. 

The impact of different solvents can be clarified in the reaction setup as is 

examplified by the continuous reactions with cyclohexane and heptane as non-

reactive phase (Figure 3C). Apart from the solvent used, all other parameters were 

kept constant, but it can clearly be seen, that the solvents have different effects on 

the enzyme’s performance. The decrease of conversion is a measure of enzyme 

deactivation and the slope of this decrease is proportional to the deactivation rate 

if mass transfer is fast compared to the reaction rate. For the example a 4-fold 

increased deactivation was found when the non-reactive solvent was changed 

from heptane (0.039 h
-1  
± 0.002) to cyclohexane (0.172 h

-1 
± 0.002).  

 

4 Concluding remarks 

The presented reactor is an advanced and modular tool for the study of biphasic 

catalytic reactions. It can be employed as the core piece in both continuous and 

batchwise operated investigations. Sampling of minimum amounts from the 

reactor is possible without disturbance. The direct connectivity to both 
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spectrometry and chromatographic equipment facilitates high data density. The 

minimum scale allows the investigation with minimal consumption of catalyst, 

substrate and solvent allowing early on testing of relevant biphasic reaction 

conditions during process development.  

The examples demonstrate the applicability and modularity of the reactor setup 

and highlight already the importance of the assessment of these influences for 

both the BAL catalyzed enantioselective C-C coupling as well as the 

enantioselective reduction of ketones by LbADH and CPCR. Furthermore, the 

results for the determination of mass transfer rates and equilibrium partition 

coefficients demonstrate the applicability for non reactive measurements with 

high accuracy.  
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Figure 1. Basic setup of the biphasic lab-scale reactor (dimensions in mm).  

Figure 2. A Benzoin condensation with benzaldehyde lyase (BAL). B Time-

dependent DMBA and TMB concentration profiles in buffer (decreasing curves) 

and n-hexane (increasing curves) derived from spectrophotometry in the absence 

of BAL (initial concentrations: 5 mM (DMBA) and 2.5 mM (TMB) in potassium 

phosphate buffer/DMF; dotted lines: measured data; solid lines: calculated 

expected values [19]). C BAL-catalyzed condensation of DMBA to TMB in a 

two-phase system consisting of buffer and n-hexane (aqueous phase: 1 µg mL
-1

 

BAL, 0.25 mM ThDP, 0.25 mM MgSO4, 5 mM DMBA; black lines: DMBA; grey 

lines: TMB; solid lines: organic phase; dashed lines: aqueous phase). 

Figure 3. A Ketone reduction catalyzed by LbADH (substrate butanone) and 

CPCR (substrate acetophenone) with substrate dependent cofactor regeneration. 

B Conversion and enantiomeric excess (ee) as a function of time for the 

continuous reduction of butanone with LbADH (50 mmol L
-1

 butanone and 2.0 

mol L
-1

 2-propanol in MTBE,  feed rate 42 µL min
-1

, mean residence time 2 

hours). C Acetophenone reduction catalyzed by CPCR with cyclohexane and 

heptane as organic phase (aqueous phase: 0.1 M triethanolamine buffer pH 8.0, 10 

µg mL
-1

 CPCR, 10 % (v/v) isopropanol, 1 mM NADH; organic phase: 100 mM 

acetophenone, 20 mM dodecane in respective solvent; mean residence time 1.8 

hours). 
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phase (aqueous phase: 0.1 M triethanolamine buffer pH 8.0, 10 µg mL-1 CPCR, 10 % (v/v) 
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