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Abstract 

Two-liquid phase reaction media have long been used in bioconversions to supply or 
remove hydrophobic organic reaction substrates and products to reduce inhibitory and 
toxic effects on biocatalysts. In case of the terminal oxyfunctionalisation of linear 
alkanes by the AlkBGT monooxygenase the excess alkane substrate is often used as a 
second phase to extract the alcohol, aldehyde and acid products. However, the selection 
of other carrier phases or surfactants is complex due to the large amount of parameters 
that are involved, such as: biocompatibility, substrate bioavailability and product 
extraction selectivity. This study combines systematic high-throughput screening with 
chemometrics to correlate physicochemical parameters of a range of co-solvents to 
product specificity and yield using a multivariate regression model. 

Partial least square regression showed that the defining factor for product specificity are 
the solubility properties of reaction substrate and product in the co-solvent, as measured 
by Hansen solubility parameters. Thus the polarity of co-solvents determines the 
accumulation of either alcohol or acid products. Whereas usually the acid product 
accumulates during the reaction, by choosing a more polar co-solvent the 1-alcohol 
product can be accumulated. Especially with Tergitol as co-solvent, a 3.2 fold 
improvement in 1-octanol yield to 18.3 mmol l-1 was achieved relative to the control 
reaction without co-solvents. 

Graphical Abstract 

Two-liquid phase reaction media have long been used in bioconversions to supply or 
remove hydrophobic substrates and products. This study investigates co-solvents of 
different polarities and structures as secondary solvents for the whole-cell alkane bio-
oxidation. We found the polarity of co-solvents determines the accumulation of either 
alcohol or acid products and by choosing a more polar co-solvent the alcohol product 
could be increased. This suggests that the application of co-solvents is a promising 
strategy to influence the product specificity of whole cell bioconversions.  
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1 Introduction 

The application of two-liquid phase media has long been established to supply 
hydrophobic organic [1-6] and/or remove organic reaction products in situ [7-10] to 
reduce their inhibitory and toxic effects on the biocatalyst. In case of the whole-cell ω-
oxyfunctionalisation of linear alkanes by the AlkBGT enzyme system, the excess alkane 
substrate is often used as a second phase for product extraction. Moreover, addition and 
selection of inert, non-toxic and non-aqueous secondary solvents or surfactants have been 
shown to impact yields [11], biocompatibility, downstream processing [12] and 
ultimately biocatalyst efficiency [13] and process economics [14] of the AlkBGT 
mediated oxidation. Thus, the screening and optimisation of non-conventional media is 
of major importance for process development and performance to fully leverage the 
biocatalytic capability of the whole-cell biocatalyst [10, 15]. 

However, this selection of carrier phases or surfactants is difficult due to the large 
amount of parameters that are involved, such as: biocompatibility, substrate 
bioavailability, product yield, environmental impact, partition coefficient and extraction 
selectivity. The last parameter is especially applicable for controlling the specificity of 
the AlkBGT mediated oxidation and its product spectrum of primary alcohol, aldehyde 
and acid, where over-oxidation often leads to accumulation of the acid product. Overall, 
there is no clear guide for solvent selection making an empirical approach necessary. In 
addition to the aqueous phase and organic substrate phase, a third reaction medium 
component is referred to as a co-solvent in this article. 

There have been approaches to identify co-solvents rationally and design non-
conventional media for biological reactions based on basic physical parameters of 
substrate and co-solvents. Brink and Tramper [2] related the Hildebrand solubility 
parameter (δ) and molecular size measurements of various organic solvents to 
biocatalytic activity of whole-cells. However, the Hildebrand parameter is only 
applicable to largely non-polar, non-hydrogen bonding solvents. Similarly, the alternative 
hydrophilic-lipophilic balance (HLB) system is only applicable to classify nonionic 
surfactants according to their water or oil solubility and is consistent only within 
homologous series of such surfactants [16]. 

Most prominently, Laane et al. [17] simplified the approach of Brink and Tramper [2] by 
using the logarithm of the partition coefficient in a biphasic 1-octanol and water system 
for a particular solute (logP) as a superior descriptor of the solute’s polarity and 
biocompatibility. The authors proposed the general rule that solvents with a logP > 4 are 
suitable for biocatalytic applications. 
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Further, Laane et al. [17] suggests that by matching the polarity (logP) of the biocatalyst-
continuous interphase to that of the substrate and/or using a continuous organic phase 
with different polarity than the substrate, the substrate concentration in the interphase can 
be maximised resulting in optimum activity of the biocatalyst in a micelle. Similarly, the 
polarity of the organic phase can be matched to the product polarity to extract the product 
away from the biocatalyst to avoid product inhibition or toxicity and shift the reaction 
equilibrium into the desired direction. Lastly, optimisation of the polarity of substrate and 
interphase can be important when substrate inhibition occurs. 

Use of the logP parameter is useful as it can be predicted based on the molecular 
structure of the solvent independent of experimental measurements. Nevertheless, the 
impact of other factors such as the cell membrane and cell wall structure of a particular 
microorganism make empirical measurements necessary to confirm the biocompatibility. 
For example, non-polar solvents such as alkanes are toxic mainly due to their 
accumulation in and disruption of cell membranes [18, 19]. Compounds with additional 
functional groups, such as aldehydes or epoxides, are usually more toxic than their logP 
value indicates due to their additional, specific chemical toxicity [20]. Consequently, 
Filho et al. [21], postulate that logP is a poor generalisation of solvent compatibility for 
biocatalytic reactions. 

Schneider [22] suggested widening the scope of parameters that are used for correlation 
and prediction of biocatalytic activity in organic solvents. Instead of the one-dimensional 
logP or Hildebrand parameter, use of the three-dimensional Hansen solubility parameters 
[23] was proposed. The Hansen solubility space is composed of three independent 
parameters that describe the diversity of solute-solvent interactions namely, dispersive 
forces (δd), polar interactions (δp) and hydrogen bonding (δh). The vector sum of all three 
parameters gives the previously mentioned Hildebrand parameter (δ) (Equation 1). 

𝛿 = (𝛿𝑑2 + 𝛿𝑝2 + 𝛿ℎ2)0.5 (1) 

The solubility of a compound is displayed in three-dimensional space with a geometric 
centre point (δd, δp, δh). In general, the solubility of two compounds in each other 
decreases with increasing distance from each other. 

Since then, there have been efforts to gain more mechanistic and thermodynamic insight 
into specific biocatalytic reaction systems in multiphase non-conventional media to 
improve systematic predictability of these reactions [24]. For example, computer aided 
solvent selection [15, 25, 26] and integrated process and solvent design approaches [27-
29] have been developed. Moreover, in recent years, increased attempts have been made 
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to move away from a heuristic selection approach and instead to rationally select optimal 
solvents a priori for either substrate supply or product removal in biocatalytic systems. 
Zhou et al. [30] used theoretical quantum-chemical descriptors to quantify solvent effects 
in chemical reactions. Similarly, work has increasingly focused on investigating the 
influence of non-aqueous solvent properties on bio-catalysts and -reactions [31] to 
improve understanding of underlying mechanistics. For example, the selection of 
polymers for two-phase partitioning bioreactors using thermodynamic models has been 
successfully shown [32, 33]. However, due to the high complexity of biochemical 
reactions, the application of universal models to predict outcomes a priori remains 
difficult. 

Advances in automation, online-analysis and the application of statistical methods have 
resulted in a range of high-throughput, scale-down tools that have been successfully 
applied to collect large amounts of reliable quantitative data for characterisation and 
optimisation of microbial processes [34-36]. 

However, challenges remain for a universal application of these tools [37]. This is 
particularly relevant for non-conventional media. So far, the focus has been on 
developing microscale tools for aqueous single-phase systems. The unique challenges 
associated with more complex non-conventional media result in only few examples of 
suitable specialised tools [38-41]. 

With modern high-throughput methods large amounts of reliable quantitative data can be 
gathered for a large variety of parameters. However, this in turn requires the use of 
appropriate data analytical tools for reliably extracting a maximum of valuable 
information. Besides the frequently used Design of Experiment (DoE), multivariate data 
analysis (MVDA) is an alternative method to systematically analyse complex data. Often 
these large datasets contain a battery of similar, correlated measurements that all describe 
this complex problem. In these cases, the analysis and modelling of one variable at a time 
is time consuming and does not capture the underlying behaviour of the system. 

More advanced MVDA methods such as partial least squares projections to latent 
structures (PLS) allow modelling the fundamental association between matrices of X-
variables (factors) and Y-variables (responses) by a linear multivariate model. Unlike 
multiple linear regression, PLS can analyse large amounts of noisy, collinear and even 
incomplete variables in both X and Y [42]. To that end, PLS iteratively fits a few latent 
variables to a projection of the X dataset that describe the maximum variance in the Y 
space [43]. Ultimately, this results in a model with fewer dimensions than multiple linear 
regressions of individual responses making it easier to interpret especially when 
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responses are correlated. These properties have led to an increased use of MVDA 
techniques for a wide range of applications in biotechnological research and development 
[44]. 

This study investigates co-solvents of different polarities and structures as secondary 
solvents for the whole-cell alkane bio-oxidation by AlkBGT. Initially, the impact of six 
co-solvents at two concentrations is investigated. Particular focus is on the overall 
product yield (refers to sum of all products formed from the alkane oxidation in a 
specific reaction) and specificity (refers to the ratio of alcohol to acid product formed in a 
specific reaction) of the bio-oxidation of four linear alkane substrates. In order to 
efficiently screen this wide range of experimental conditions, a high-throughput 
microwell platform specifically customised for non-conventional media is used [41]. In a 
second step experimental data is combined with estimated physicochemical properties of 
the co-solvents in a multivariate PLS regression analysis. This allows the identification 
of key properties of co-solvents that specifically affect the AlkBGT reaction in terms of 
product specificity and yields. 

2 Materials and methods 

2.1 Strains and plasmids 

For all bioconversions Escherichia coli GEC137 pGEc47ΔJ was used [45, 46]. 
pGEc47ΔJ contains all alkane oxidation genes of the OCT plasmid of Pseudomonas 
putida GPo1, except the alcohol dehydrogenase gene alkJ. 

2.2 Media composition 2.2.1 Growth medium The aqueous phase used for 

fermentations was as described by Kolmar et al. [41]. 

2.2.2 Buffer composition 

For bioconversion reactions with resting cells a 150 mmol l-1 potassium phosphate buffer 
with thiamine, 5 mg l-1 (pH 7.2) was supplemented with separately heat sterilised: 
MgSO4 (7 H2O), 1 g l-1; D-glucose, 5.5 g l-1 (all Sigma-Aldrich, UK); CaCl2 (2 H2O), 
0.04 g l-1 (Alfa Aesar, UK); and 1 ml l-1 of the trace elements solution described in 
Kolmar et al. [33]. Further, filter sterilised tetracycline (Sigma-Aldrich, UK), 10 mg l-1 

were added. The pH was routinely measured at 7.1 after addition. 
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2.3 Bioconversion procedure in microwell plates 

Bioconversions were carried out in sealed, polytetrafluoroethylene (PTFE) (Radleys, 
UK) 24 deep square well (DSW) microwell plates (MWP) using buffered resting cells 
according to Kolmar et al. [41]. 

2.4 Solvent mixture preparation 

All co-solvents were purchased from commercial sources (Sigma-Aldrich, UK) at the 
highest available purity; silicone oil was purchased from Acros Organics. 

In case of Triton surfactants, the surfactant was added to the aqueous buffer used for 
bioconversion reactions. All other co-solvent dilutions were prepared beforehand in the 
respective alkane substrate to either 5 % or 30 % (v/v) concentration and stored in screw 
cap glass vials. Triton X-100 was prepared at 0.1 % (v/v) final concentration in the 
aqueous buffer. Triton X-45/X-115 was prepared at 5 % or 30 % (v/v) relative to the 
organic phase, despite being diluted in the aqueous phase. In all cases, except when using 
Triton X-100, the absolute aqueous and substrate volumes were kept constant and co-
solvents were added in addition to the volumes used in the control reaction without co-
solvent. For example, in case of an octane reaction with 30 % Tergitol 15-S-7, 100 μl of 
the prepared octane in Tergitol mixture (300 ml l-1) were added to 280 µl aqueous buffer. 
For the control reaction without co-solvent 70 μl of alkane substrate were added to 280 
µl aqueous buffer. Reactions were performed at conditions determined in Kolmar et al. 
[41], unless otherwise mentioned. 

2.5 Analytical procedures 

2.5.1 Product recovery from solvent mixtures 

Extraction efficiencies of reaction products in four co-solvents reaction mixtures (ethyl 
oleate, silicone oil, Tergitol 15-S-7, poloxamer L-61) were tested at 30 % in the octane 
substrate. These were determined by spiking reaction mixtures without cells with known 
amounts of oxidation products. This was carried out in screw cap glass vials. Vials were 
mixed on a rotator disk for at least 2 h at room temperature before extraction of the 
biphasic mixtures with cyclohexane for GC analysis. After extraction for GC analysis 
and concentration determination, the amount of recovered product against the spiked 
amount was calculated. Generally over 90 % of product was recovered from the reaction 
mixtures. In case of Tergitol 15-S-7, extraction yield drops to 70 % for the major 
products. 
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2.5.2 Gas chromatography 

Bioconversions were first stopped by acidifying with 50 μl l-1 of 10 mol l-1 H3PO4, 
subsequently 500 μl cyclohexane with an internal standard were added. Depending on 
the alkane substrate chain length, the 1-alcohol with n + 2 chain length was used as an 
internal standard at 0.4 g l-1. After incubating on a thermomixer for 10 min at 50 °C and 
1000 rpm the samples were centrifuged and the organic phase removed. 

Organic samples were analysed by GC-FID (Thermo Fisher Scientific, UK) equipped 
with a Rxi-5Sil MS column (30 m × 0.53 mm × 1.5 μm; Restek, USA) using helium as 
carrier gas (constant flow rate, 5 ml min-1). Hexane, heptane and octane bioconversions 
were analysed with an injector and detector temperature of 250 °C and 280 °C 
respectively. The temperature program was set at 80 °C for 2 min, increased to 200 °C at 
20 °C min-1 with a final hold of 3 min. Dodecane bioconversions were analysed with an 
injector and detector temperature of 270 °C and 280 °C respectively. A temperature 
program of 100 °C for 1 min with an increase to 270 °C at 20 °C min-1 and a final hold of 
1 min was used. Quantification was achieved using external standards. All reported 
concentrations are in relation to the aqueous reaction volume. 

2.6 Data analysis 

2.6.1 Physicochemical property estimation 

Hansen and logP parameters were estimated for co-solvents and reaction substrate and 
products using COMSOquick (v. 1.4, COSMOlogic, Germany). The quantitative 
structure property relationships models of the software were used to predict both 
parameters [47]. The Hansen parameter for silicone oil was estimated from Adamska et 
al. [48] and Woiton [49]. 

The distance between two compounds in the Hansen space (RS) and hence their solubility 
in each other was estimated using Equation 2 according to Hansen [19]. Here, the inverse 
was used to allow easier interpretation in subsequent analyses, thus, higher values 
represent better solubility of the two compounds in each other. 

𝑅𝑆 = 1

4(𝛿𝑑1−𝛿𝑑2)2+�𝛿𝑝1−𝛿𝑝2�
2+(𝛿ℎ1−𝛿ℎ2)2

 (2) 

2.6.2 Multivariate data analysis 

Partial least squares projections to latent structures (PLS) regression analysis was 
performed (SIMCA 13.0.3, Umetrics, Umeå, Sweden) for analysing multiple variables in 
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one model [43]. Two matrices were constructed; the X-matrix contained the chemometric 
descriptors and experimental conditions, the Y-matrix contained experimental results 
from the screening experiment including the product concentrations and alcohol to acid 
ratios (see Supporting Information, Tables S1-3). The data were pre-processed to mean 0 
and variance 1. PLS models were fitted with default settings using autofit for model 
cross-validation. Correlations between factors (Co-solvent, co-solvent concentration, RS 
values, logP values) and responses (product concentrations, alcohol to acid ratios) were 
assessed in loading plots. For interpretation a line was drawn from a selected variable 
through the origin and X- and Y-variables were projected on the line. A positive 
correlation was determined for variables adjacent to each other; for variables opposite to 
each other a negative correlation was determined. Model quality was assessed by 
goodness of fit (R2) and goodness of prediction (Q2). Model validation was successfully 
carried out using permutation tests over 40 iterations. 

3 Results 3.1 Co-solvent selection 

Six co-solvents were selected from literature and based on commercial availability. 
These span a wide range of polarities and structures, from very apolar small molecules 
such as bis(2-ethylhexyl) phthalate (BEHP) to more polar, polymeric molecules such as 
the nonionic triblock copolymer poloxamer L-61 (Table 1). It is hypothesised that these 
co-solvents cause a variety of effects. The more polar compounds (Tergitol 15-S-17, L-
61 and Triton) would improve product extraction away from the biocatalyst and thereby 
alleviate product toxicity for improved overall yields. At the same time, the surfactants 
are likely to improve substrate access by promoting emulsion formation. This would 
result in increased yields, due to higher alkane substrate availability. In addition, 
reducing substrate limitations may favour the production of alcohol to over-oxidation. 
However, increased substrate availability may also result in higher toxicity leading to 
reduced cell viability and biocatalyst performance [50]. In addition, the surfactants have 
been shown to form cloud-point systems, which can facilitate product separation and 
phase recycling, potentially alleviating the additional cost compared to an alkane-only 
organic phase [51]. On the other hand, by use of the more apolar co-solvents (BEHP, 
silicone oil and ethyl oleate), it is expected that a dilution of the organic phase may 
reduce toxic hydrophobic compound concentrations and thereby mitigate their toxicity. 
Although BEHP has been widely used in the literature, ethyl oleate is included here as an 
environmentally friendly alternative [52]. Silicone oil is included as a chemically inert 
alternative [53]. 
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The range of different molecules exemplifies the complexity of co-solvent selection. In 
summary, for the alkane oxidation, the co-solvent approach attempts to potentially solve 
several problems: shielding the biocatalyst from excessive substrate or product toxicity 
whilst allowing substrate supply and selective extraction of products from the biocatalyst. 

3.2 Co-solvent screening 

In addition to the six co-solvents, control reactions were run without additional co-
solvent and with 0.1 % Triton X-100, as in previous research [41, 54]. The screening was 
carried out with 5 % and 30 % co-solvent in four different alkane substrates over 24 h 
giving a total of 56 reactions (Figure 1). 

Large, systematic variations in product concentrations were recorded for the different 
reactions. A tendency towards over-oxidation to the acid product can be seen from the 
product concentrations, especially at the control conditions with no co-solvent. The 
aldehyde was found in trace amounts at its highest in all cases, suggesting that the 
alcohol oxidation is a rate-limiting step. 

In case of the dodecane substrate (Figure 1D), high acid product concentrations are 
achieved only at low concentrations of Triton surfactants. Grant et al. [54] have 
previously found that Triton X-100 addition is required for emulsion formation and 
successful bioconversion of dodecane in microwells. The lower performance of the 
dodecane bioconversion with Tergitol and L-61 is likely due to differences in emulsion 
formation. In contrast to reactions of the shorter chain alkane substrate, the addition of 
co-solvents never results in a surplus of 1-dodecanol. Instead, over-oxidation to the 
dodecanoic acid occurs with seemingly no back-extraction of the alcohol product into the 
organic phase. 

With regard to the remaining data, the highest average overall yields are achieved in 
reactions with the natural octane substrate (18.8 mmol l-1), decreasing with substrate 
carbon chain length (Figure 1C). Similarly, Beilen et al. [55] found that shorter n-alkane 
substrates show reduced conversion rates, with longer chain substrates such as dodecane 
showing no conversion for a whole-cell system. This suggests that the biocatalyst is 
ideally suited for substrates of around eight carbon in chain length. However, Beilen et 
al. [55] present in vitro results of a reconstituted AlkBGT system that shows conversion 
of longer chain substrates such as dodecane with similarly high rates to that of octane. 
This indicates that cellular uptake of longer chain alkanes is a key factor and outer 
membrane transporters such as AlkL are necessary for oxidation of longer-chain 
substrates [56]. 
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Further, the average molar alcohol to acid product ratio is highest for the octane reactions 
(2.1:1), decreasing with the other substrates. Therefore, similarly to the variation of total 
yields with chain length, the product spectrum is influenced by chain length. 

In terms of the product spectrum, it is interesting to note that reactions with the Tergitol, 
L-61 and Triton co-solvents achieve very high molar alcohol to acid ratios, on average 
over all substrates the ratios were 3.5:1, 1.6:1 and 2.4:1 respectively. For hexane and 
heptane over seven fold higher alcohol than acid product formation was seen after 24 h in 
the presence of 30 % Tergitol. Most interestingly, for the octane oxidation with 30 % 
Tergitol, an alcohol to acid ratio of 5.7:1 was seen with 18.3 mmol l-1 final 1-octanol 
concentration. This represents a 3.2 fold increase in alcohol yield relative to the control 
reaction without co-solvents for which the acid product dominates with an alcohol to acid 
ratio of 0.4:1 whilst maintaining similar overall product yields. 

In case of hexane, heptane and octane, the overall highest product quantities were 
achieved with the more nonpolar solvents, namely BEHP, silicone oil and also ethyl 
oleate. Up to 35.6 mmol l-1 of products were formed in case of the octane oxidation with 
30 % BEHP present. This represents a 1.7 times increase relative to the control reaction 
without co-solvent and 1.6 times higher than in the reaction with 30 % Tergitol. The 
increase in overall yield with higher concentrations of these co- solvents is contrary to 
previous findings were BEHP was seen to limit substrate access and promote 
overoxidation [57, 58]. However, in those studies, much lower substrate concentrations 
in BEHP were used compared to this study.3.2.1 Time course of bioconversion with 
selected co-solvents 

In order to verify the co-solvent effects seen in the initial screening four co-solvents were 
chosen (ethyl oleate, silicone oil, L-61 and Tergitol at 30 % in alkane substrate) and time 
course data was collected. The experiments were performed using the octane substrate 
and compared to a control reaction without co-solvent (Figure 2). 

Overall, the trends of the screening were confirmed by the time course data. High 
average overall productivity was recorded over the initial 9 h in the presence of ethyl 
oleate (3.6 mmol l-1 h-1) and silicone oil (2.8 mmol l-1 h-1) with the octanoic acid product 
dominating. However, the increased productivity is at the detriment of product specificity 
with both, acid and 1-alcohol products being produced. This is in contrast to reactions 
with Tergitol and L-61 where higher specificity for the 1-octanol product with alcohol 
excess of 7.7:1 and 5.8:1 were recorded after 24 h. 

This article is protected by copyright. All rights reserved. 



 
A

cc
ep

te
d 

A
rt

ic
le

 
3.3 Multivariate data analysis of co-solvent effect on alkane bio-
oxidations 

In order to gain further insight into the impact of physicochemical parameters of the co-
solvents on the reaction yields, product specificity and whether an underlying 
relationship between these parameters and the reaction outcomes can be found, a PLS 
regression analysis approach was adopted. A particular focus was on investigating the 
ratio of alcohol to acid product. To avoid introducing severe non-linearity in the model 
the dodecane substrate was not considered in this analysis due to either very low 
conversion or large excess in dodecanoic acid. 

3.3.1 Physicochemical property estimation 

Two physicochemical parameters were chosen to describe all reaction components, the 
substrates and products as well as the co-solvent. The logP values were used to 
investigate the influence on the reaction according to Laane et al. [17]. The Hansen 
solubility parameters were used to derive solubility properties (RS) of reaction substrates 
and products in co-solvents to be used as factors together with the substrate and co-
solvent identity, co-solvent concentration and substrate carbon chain length. The molar 
reaction product concentrations as well as the ratio of alcohol to acid after 24 h of the 
initial screening experiments were taken as responses. 

3.3.2 Model summary 

An initial PLS model (model M1) was created from the data resulting in three 
components showing good correlation between the two matrices. The loading plot 
provides an overview of the interactions between factors and responses of the system 
displaying the first two components (see SI, Figure S1). Here, the logP parameters for 
the substrate and products correlated strongly with the substrate carbon chain length and 
unsurprisingly with the RS value for substrate solubility in water, however, only showing 
significance in the second component. The linear nature of the alkane substrate and hence 
products simplify the correlation of these parameters. Thus, logP of the substrate can be 
used exemplarily for all compounds in the dataset. The logP of co-solvents shows less 
influence on the model being close to the origin. Based on this initial appraisal the logP 
values for co-solvent and products, RS Subs-Water parameter and the substrate chain 
length were removed from the initial model to simplify the model. 

The new PLS model (model M2) found two significant components, with overall good 
values for goodness of fit (R2Y) and prediction (Q2Y) (Table 2). The lower explained 
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variation values for the factors (R2X) of the model can be caused by the large number of 
categorical variables in the X data. Overall, with good fit and predictive power, the 
model shows a strong, quantitative relationship between the factors and responses. 

3.3.3 Model evaluation 

From the score plot of the PLS model (Figure 3A) it can be seen that the response data is 
split by co-solvent type in two groups. The data in the Y-space clearly group according to 
the used co-solvent; the apolar co-solvents (BEHP, silicone oil, ethyl oleate) on the left 
and the more polar co-solvents on the right (Tergitol, Triton, L-61). The control samples 
without co-solvent are associated with the left group. 

When consulting the corresponding loading plot of the PLS model, it is evident that the 
first component along the x-axis includes the polarity properties of the co-solvent,here 
specifically represented as the solubility RS values of co-solvent in substrate or alcohol 
and acid products (Figure 3B). From the clustering in Figure 3B it can be seen that 
substrates show better solubility in apolar solvents and the alcohol and acid products 
show better solubility in polar solvents. Interestingly, there is an association of high 
alcohol to acid ratio with good solubility of products in the co-solvent, especially 
Tergitol. 

The second component along the y-axis is mostly described by the logP of the substrate 
and the co-solvent concentration (Figure 3B), bearing in mind that the logP for substrates 
is correlated with the logP for alcohol and acid products (see SI, Figure S1). 

The interactions between both components summarise the effects over the entire dataset. 
Co-solvents such as BEHP or ethyl oleate result in high total product yields mainly due 
to high acid yields. On the other side, Tergitol results in high alcohol over acid ratio, but 
not in high total yields, there is a weak association with high alcohol yields similar to 
BEHP, though. In contrast, the Triton co-solvents have an overall negative effect on the 
reaction. Silicone oil has little effect on the reaction relative to the control reaction 
without co-solvent. The slight association of acid yield with total product yield shows 
that the former is the preferred product and high alcohol over acid ratios being opposed 
to this. 

Further, higher logP values and higher co-solvent concentration specifically result in 
higher alcohol yield. This is a good indication of organic compound toxicity as proposed 
by Laane et al. [17], with toxicity decreasing with an increase in logP (logP > 4). The 
association of this parameter with the alcohol yield suggests that toxicity is specifically 
associated with the alcohol product. The high toxicity of the alcohol product explains the 
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difficulty of achieving high alcohol yields in these reactions. Further, it illustrates the 
need for in situ product removal to reduce toxic effects towards the whole-cell 
biocatalyst and the resulting reduction in productivity. The positive correlation with the 
co-solvent concentration confirms their positive impact specifically on the alcohol yield. 
It can be speculated that this is in fact due to the extraction of the alcohol into the co-
solvent due to preferential solubilisation in the co-solvent. This can also be seen by the 
association of the RS value for co-solvent in alcohol with Tergitol. In addition, this effect 
can simply be due to the larger volume of co-solvent available for solubilisation. On the 
other hand, high acid yields are achieved when maximising the solubility of substrates in 
co-solvents and essentially diluting the substrate. This reduces substrate access and 
promotes over-oxidation as previously argued [58]. 

The Variable Influence on Projection (VIP) plot of the PLS model (see SI, Figure S2) is a 
ranking of the influence of each factor on the response variables; values larger than 1 are 
generally considered highly important, and values larger than 0.5 are considered relevant 
[59]. Due to the large amount of categoric data and the associated variation, the co-
solvent variables have a low score with large estimated confidence interval. 
Nevertheless, these variables remain central to the model. Overall, the most influential 
and reliable factor is the RS co-solvent in substrate value (VIP=1.4) followed by the 
substrate logP (VIP=1.3). 

This reiterates the importance of the RS values for solubility of either substrate or 
products in co-solvent and the substrate logP. Whilst this shows the general influence of 
substrate logP values on the bio-oxidation of alkanes, it provides a simplistic view and 
the impact of individual products cannot be captured with this highly correlated variable. 
It is interesting to see the strong correlation of the logP for substrate specifically with the 
alcohol product (see Figure 3B), suggesting that the alcohol product is primarily 
responsible for toxicity. Despite its own limitations, the application of RS values has been 
shown to be more insightful than logP values, especially for this complex multi-product 
reaction. 

Finally, it is interesting to note that there is a clear separation of co-solvents by their 
ability to solubilise the reaction products. The solubility of substrate relative to products 
in the co-solvents indicates that preferential solubilisation of the product leads to an 
extraction away from the biocatalyst resulting in higher alcohol over acid ratios. For high 
absolute alcohol yields, the alcohol toxicity needs to be successfully mitigated, as well. 
On the other hand, with high substrate solubility in the co-solvent the substrate gets 
diluted and retained in the organic phase, resulting in low mass transfer of substrate to 
the biocatalyst promoting the over-oxidation of 1-alcohol to acid [58]. 
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4 Discussion 

The presented data shows the large impact that non-conventional media composition has 
on the whole-cell bio-oxidation of alkanes by the AlkBGT enzyme system. By 
successfully leveraging a high-throughput scale-down tool in combination with 
chemometric multivariate data analysis we rapidly gained an understanding of the 
underlying factors that relate media composition to product yields and specificity. 
Especially with 30 % Tergitol as co-solvent and the octane substrate, a 3.2 fold 
improvement in alcohol yield relative to the control reaction without co-solvents was 
achieved. At the same time the alcohol to acid ratio increased from 0.4:1 to 5.6:1. The 
fact that this was achieved with the unoptimised screening conditions shows the potential 
of this approach for controlling the reaction product spectrum. 

The highest overall yields were achieved using BEHP and ethyl oleate. In case of 
reactions with 30 % BEHP, up to 36 mmol l-1 of products were formed with the octane 
substrate, representing a 1.7 fold improvement relative to the control reaction without co-
solvent and 1.6 times higher than the reaction with 30 % Tergitol.Generally, the use of 
more polar co-solvents such as Tergitol markedly reduced the over-oxidation of octane 
reaction products and an accumulation of 1-octanol was observed. In contrast, the apolar 
ethyl oleate showed improved overall yields with the acid product dominating. 

PLS regression of the co-solvent screening dataset showed that the defining factor for 
product specificity are the solubility properties of the co-solvent. The polar co-solvents 
are generally better solvents for the reaction products. This allows the conclusion that in 
this case, the products are in fact extracted away from the biocatalyst, resulting in 
reduced toxicity especially due to the alcohol product. 

The Hansen solubility framework that was used in the analysis can provide a universal 
and accessible overview of the impact of co-solvents on the reaction yields of whole-cell 
alkane oxidations. Especially the solubility parameters (RS) for substrate and product in 
the co-solvent have been shown to be highly significant for product yields and 
specificity. This makes use of the RS parameter preferable to the one-dimensional logP. 

Large margins for optimisation based on the presented screening data remain.The choice 
of co-solvent can strongly influence the reaction outcomes. It is likely that local optima 
exist that have not been captured or characterised in the present study. For example, 
some of the used co-solvents are commercially available with a large range of 
permutations, such as chain length of poloxamers. The RS value of these potential co-
solvents can be used to select suitable candidates for evaluation. Further, the phase ratio 
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of co-solvent to substrate and aqueous phase presents an optimisation target. For 
example, it is likely that there is an optimum BEHP concentration that allows maximum 
overall product yields, before either limiting substrate access (at higher BEHP 
concentrations) or ineffectively mitigating substrate and product toxicity (at lower BEHP 
concentrations). 

This study shows the importance of two-liquid phase reaction engineering for optimising 
and directing biocatalytic reactions. The combination with computational and statistical 
tools was shown to be highly effective at pooling a wide range of experimental data, 
simplifying its interpretation and maximising its information output. The microwell 
platform allows integration of biocatalyst, process and reaction engineering early in 
development. The high fidelity data gained can help explore various options rapidly with 
high confidence. 

However, the use of co-solvents and respective improvements in product yield and 
specificity need to weighed against complications in downstream processing. For 
example, the formation of stable emulsions can make separation of the organic phase and 
product recovery difficult [60-63]. The ease of phase separation and product recovery has 
a direct impact on overall economics of the alkane oxidation process [64]. Thus, it is 
crucial to consider the downstream processing options to completely evaluate the 
potential use of co-solvents for alkane bio-oxidations. 

Overall, the application of co-solvents is a promising strategy to influence whole-cell 
alkane oxidations. Further work needs to investigate efficient downstream processing 
options for the most promising candidates to fully leverage their advantages. 
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Tables  

Table 1: Overview of tested co-solvents. 

Co-solvent Structure Details References 

Bis(2-ethyl-hexyl) 
phthalate  

 

Non-toxic organic carrier 
phase for whole-cell FAMEa 
oxidation; promotes over-
oxidation 

[58, 65] 

Silicone oil 

 

Non-toxic organic carrier 
phase for whole-cell 
phytosterol cleavage 

[66] 

Ethyl oleate 
 

Non-toxic organic carrier 
phase for whole-cell FAME 
oxidation; promotes over-
oxidation  

[52, 58] 

Triton X-Series 

 

Biocompatible carrier phase 
for whole-cell bioconversion 
of sterols  

[67, 68] 

Tergitol 15-S-7 

 

Biocompatible fatty acid 
extraction from algal 
cultures; recycling of 
surfactant  

[69] 

Poloxamer L-61 

 

Selective butanol extraction 
from ABE fermentation with 
L-62 (2×EOb of L-61); 
recycling of surfactant  

[70] 

a Fatty acid methyl ester 

b Ethylene oxide 
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Table 2: PLS model M2 parameters, cumulative coefficients for goodness of fit (R2Y), 

goodness of prediction (Q2Y) and explained variation (R2X). 

Component R2X R2Y Q2Y 

1 
0.24 0.47 0.35 

2 
0.35 0.75 0.62 

 

Figures 

Figure 1: Bioconversion of hexane (A), heptane (B), octane (C) and dodecane (D) 
substrate after 24h at 30 °C and 250 rpm, with varying co-solvent percentages in 
substrate indicated below x-axis, except TX-100 in aqueous buffer. 
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Figure 2: Bioconversion time course with co-solvents: 30 % ethyl oleate (A), silicone oil 

(B), Tergitol (C), L-61 (D) or no co-solvent (E) in octane over 24 h at 30 °C and 250 

rpm; n = 2, ±SD. 
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Figure 3: PLS model M2 score scatter plot of response data showing X-scores (t) of the 
first component along the x-axis and X-scores of the second component along the y-axis 
(A); loading scatter plot of the relation between factors and responses and the 
contribution of each variable to the PLS model; axes show weights for the factors and 
responses, denoted w* and c, respectively, for each model component (B). 
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