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Considering the importance of biocatalysis in chemical synthesis, technologies

allowing full exploitation of its potential are urgently wanted. Eleven years ago,

our team proposed Pickering emulsions as a concept to overcome the severe

restrictions set by the general requirement for the presence of water. In this

brief perspective, we demonstrate that the insights into bioactive Pickering

emulsions gathered meanwhile strongly designate it a key technology to non-

aqueous and multi-step biocatalysis. Mainly, this relates to the extensive

compatibility of this system with different solvents, materials, biocatalysts,

reactions and demands on productive use. We here give a brief overview of

the most relevant details, including recent results from our own research.
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Introduction

Within the last 20 years, biocatalysis has become an important tool for chemical

synthesis accomplishing production of intermediates, specialty and fine chemicals,

pharmaceutics and even commodities (Woodley, 2022). Its full potential, however, is

still far from exploitation, inter alia because of the prevalent requirement for aqueous

media that disagrees with the hydrophobicity of most organic compounds or the water-

sensitivity of many compounds and reactions (Hollmann and Fernandez-Lafuente, 2021).

Consequently, implementation of biocatalysis in multi-step synthetic pathways is also

hardly possible as these mostly employ organic solvents to improve solubility, miscibility

or stability of reagents, act as thermal buffers for exothermic reactions, or condition

(chemo-)catalyst efficiency and concentration (Pera-Titus et al., 2015). The obvious

solution to overcome these difficulties is the introduction of biphasic systems, in which

biocatalysis takes place in an aqueous surrounding, while reaction educts and products are

concentrated in a non-miscible solvent. Accordingly, various technical concepts for

practical realization of biphasic biocatalysis emerged over the years, including free,

mechanically mixed phases, gel-stabilized water phases suspended in liquid solvent,

and surfactant-stabilized reverse micelles or micro-emulsions. However, negative effects

on biocatalyst stability, mass transfer or, in case of micro-emulsions and micelles,

downstream processing prevent broad application (Ansorge-Schumacher, 2008; Bago

Rodriguez and Binks, 2020).
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Eleven years ago, our group first introduced the use of Pickering

emulsions (PE) for multi-phase biocatalysis demonstrating

considerable improvement of the catalytic activity of two lipases,

CalA and CalB, from Pseudozyma aphidis (formerly Candida

antarctica) and benzaldehyde lyase (BAL) from Pseudomonas

fluorescence Biovar I (Wu et al., 2011). The latter was particularly

remarkable since BAL is a very vulnerable enzyme that had never

before exhibited satisfying activity in the presence of organic

solvents. Meanwhile, an increasing number of researchers

worldwide have reported successful biphasic biocatalysis with PE;

in parallel, PE also have been employed for stoichiometric chemical

synthesis and chemo-catalysis (Pera-Titus et al., 2015; Bago

Rodriguez and Binks, 2020). On this background and in view of

our own advancing insights into the system, we have come to the

perspective that PE provide the future key technology to non-

aqueous biocatalysis and its implementation in multi-step reactions.

Biocatalytic active pickering emulsions

PE are liquid biphasic systems, in which solid or colloidal

micro- or nanoparticles stabilize the dispersed phase in small,

stable droplets (Figure 1). Thus, they continuously provide broad

contact between phases for a fast exchange of reactants rendering

vigorous stirring or solidification of the dispersed phase

unnecessary. At the same time, they keep away vulnerable

compounds from a detrimental surrounding. Distinct from

emulsifying surfactants, stabilizing particles do not

spontaneously detach from the interface due to an exceedingly

large energy barrier (Binks, 2002; Aveyard et al., 2003) and thus

can obviate product spoiling with free stabilizers as recurrent

with surfactant-induced emulsions (Palmer and Hartley, 2018).

PE used for biocatalysis (BioPE) normally are of the water-in-

oil type (w/o), i.e. the aqueous phase forms the dispersed phase;

nevertheless, oil-in-water (o/w) PE can also be employed (Yu

et al., 2019). The biocatalysts are located in the aqueous phase or

at the water-in-oil interface. Whether a system forms a w/o PE or

an o/w PE mainly depends on the partial wettability of the

stabilizing particles by water and oil, and thus on the

hydrophilicity/hydrophobicity of their surfaces (Binks and

Lumsdon, 2000b). Generally, w/o PE form with more

hydrophobic, o/w PE with more hydrophilic particles. The

particle surfaces together with the phase composition also

influence the emulsion stability over time in terms of

resistance against coalescence of the dispersed droplets. The

droplet diameter predominantly determines the actual

performance of a biocatalytic active w/o PE (Pera-Titus et al.,

2015; Bago Rodriguez and Binks, 2020). Small droplet diameters

ensure a large interface and thus high reaction efficiency due to

appropriate mass exchange between phases. The initial droplet

size depends on the hydrodynamic conditions during PE

formation, and overall on the PE composition, in particular

the solvent ratios and the particle size, type and amount

(Tcholakova et al., 2008). Small droplet diameters arise from

high dispersion energy (Binks and Lumsdon, 2000a; Kempin

et al., 2020), a small volume fraction of the dispersed phase (Binks

and Lumsdon, 2000a), and a high content of stabilizing particles

with small sizes and rough surfaces (Li et al., 2020).

Continuous and dispersed phases

In principal, almost any liquid fluid with low water

miscibility is suitable for the formation of BioPE. We were

FIGURE 1
Pickering emulsion (PE) of the water-in-oil type (w/o). (A) Microscopic picture of a buffered aqueous phase (50 mmol·L−1 KPi, pH 7.0) in
cyclopentyl methyl ether at a volume phase ratio of 1:10 containing 3% (weight per volume of dispersed phase) silanized silica particles. (B) Schematic
illustration of an aqueous droplet stabilized by solid particles and harboring a biocatalyst (CAT). Particle and droplet sizes denote typical values
(Chevalier and Bolzinger, 2013).
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able to demonstrate this in a small study on the performance of

18 organic solvents from various structural classes and with

designated importance to biocatalyzed reactions

(Supplementary Figure S1, Supplementary Material). In a

standard mixture of 10% (v/v) buffered aqueous phase

(50 mmol·L−1 KPi, pH 7.0) in solvent and 3% (weight per

volume of dispersed phase; w/vdp) of surface-modified silica

particles, formation of w/o emulsions was clearly visible under

the microscope with almost all solvents. An exception was only

diethyl ether, which evaporated too fast under the microscope to

verify emulsion formation. The initial sizes of stabilized droplets

and their size distributions varied with the solvent. Most of the

obtained PE were reasonably stable over more than 10 days, i.e.

droplets coalesced only slightly. The best results were obtained

with toluene, 2-methyltetrahydrofuran (2-MeTHF) and

cyclopentyl methyl ether (CPME). Noteworthy, the latter two

represent environmentally more benign “green” solvents, and of

late have been used increasingly for biocatalysis exhibiting broad

compatibility with both biocatalysts and reactants (Alcantára and

Dominguez de María, 2018; Petrenz et al., 2015; Röllig et al.,

2019).

Dispersed phases for w/o BioPE usually comprise salt-

buffered aqueous solutions. To our current knowledge, the

type of the employed buffer salt or pH hardly influence

emulsion formation or stability. A high salt concentration,

however, might influence the surface tension and thus particle

binding at the interface (Binks and Lumsdon, 2000b). For better

handling or restriction of diffusion within the droplets,

jellification of the dispersed phase, e.g. with agarose is possible

(Wu et al., 2011). On the other hand, almost water-free PE can be

obtained from the use of solvent-immiscible ionic liquids as the

dispersed phase accommodating the biocatalyst (Zhang et al.,

2017). Our own research recently showed that environmentally

more benign and easy-to-prepare deep eutectic solvents (DES)

could serve the same purpose. Tentatively, we obtained stable

BioPE with typical droplet sizes using 5% (v/v) choline chloride:

glycerine and choline chloride:urea, respectively, as the dispersed

and toluene as continuous phase (Supplementary Figure S2,

Supplementary Material).

Particle choice and biocatalyst location

Currently, stabilization of BioPE mostly employs solid or

porous silica-based particles, which are surface-modified to

obtain the necessary hydrophobicity for the stabilization of w/

o emulsions (Bago Rodriguez and Binks, 2020). Suitable solid

particles in different sizes are commercially available or easily

produced via Stöber synthesis (Stöber et al., 1968). Covalent

grafting with an appropriately hydrophobic organosilane such as

trimethoxy (octadecyl)silane (TMODS) (Wu et al., 2011),

dichlorodimethylsilane or hexamethyldisilazane (Chevalier and

Bolzinger, 2013) adjusts the surface hydrophobicity to the desired

value. However, hydrophobic colloidal silica particles (Heyse

et al., 2019) or other hydrophobic solid materials such as

zeolites (Zapata et al., 2012), polymerosomes based on

amphiphilic block co-polymers (Wang et al., 2012) or even

soft gel particles (Wiese et al., 2013) also can successfully

stabilize BioPE, provided that an appropriate, stable contact

with the interface can be made (Binks and Lumsdon, 2000b).

In our lab, we have invented a method for the partial coating of

micron-sized particles with silicone that allows employment of a

broad variety of inorganic or organic materials for PE

stabilization (Ansorge-Schumacher and Plikat, 2017). Here,

the choice of building blocks varies hydrophobicity enabling

adaption to both phase composition and material. Applying this

method, we even were able to employ whole cells of Escherichia

coli efficiently as stabilizing particles (Röllig et al., 2019).

In principal, biocatalysts in PE are either dispersed in the

aqueous phase or bound to the stabilizing particles, thus

conducting Pickering Assisted Catalysis (PAC) or Pickering

Interfacial Catalysis (PIC), respectively (Pera-Titus et al.,

2015). At present, dispersion is most common (Bago

Rodriguez and Binks, 2020), but our recent studies strongly

point at particle binding being the preferable strategy (Plikat

et al., 2022). We observed that lipases dissolved in the aqueous

phase had severe effects on both droplet size and emulsion

stability, which we accounted to the almost quantitative

intercalation of the enzymes between particles at the

interface. With increasing enzyme concentration, the

droplet sizes, but also the emulsion stability decreased

considerably. The exact extent of the effects depended on

the individual enzymes, but coalescence always became

critical already at rather low protein loading. Thus, the

scope to optimize the productivity in BioPE with dissolved

enzymes appears rather limited. Putting the enzymes on - or

rather in - the stabilizing particles will probably overcome the

obstacle and in addition, benefit from the general advantages

of performing PIC, such as even smaller mass transfer

restrictions (Ni et al., 2022). Results from BioPE using

lipase in polymerosomes or adsorbed to the silica particles

support this view (Pera-Titus et al., 2015; Meng et al., 2019;

Wang et al., 2019; Sun et al., 2020). However, considering the

usually strong impact of supporting materials on enzyme

activity (Ansorge-Schumacher, 2008), the approach would

considerably profit from extending the choice of particles

currently in use.

Biocatalysts and reactions

The choice of enzymes employed for biocatalysis in PE

presently focuses on lipases [EC 3.1.1.x] as versatile and

robust biocatalysts for ester hydrolysis, esterification and

transesterification reactions (Pera-Titus et al., 2015; Bago

Rodriguez and Binks, 2020). Only few reports involve other
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hydrolases (Xue et al., 2017) or enzymes from other classes (Bago

Rodriguez et al., 2020), including our own work on the

application of BAL [EC 4.1.2.38] for stereo-selective

carboligations (Wu et al., 2011; Röllig et al., 2019). However,

we recently extended the application to alcohol dehydrogenases

[ADH; EC 1.1.1.x] and aminotransferases [ATA; EC 2.1.6.x]

successfully and for the first time demonstrated enzyme-

mediated multi-step catalysis with PE in one-pot and in a

cascade (Figure 2).

In our experiments, both the ADH-A from Rhodococcus

ruber and the ω-transaminase from Chromobacterium

violaceum (Cv-ATA) showed notable catalytic activity for

ketone reduction and deamination, respectively, either as

isolated enzymes or within lyophilized whole cells of

recombinant E. coli in the dispersed phase of BioPE (Figures

2A,B, respectively). Likewise, a set of commercial ADH-

preparations with a lower solvent-stability than ADH-A were

active (Supplementary Table S1, Supplementary Material). All

ADHs accomplished regeneration of the co-compartmentalized

cofactor nicotinamide adenine dinucleotide (NADH) effectively

within the BioPE using iso-propanol as co-substrate. Without

extensive optimization of the reaction systems, isolated ADH-A

and ADH-A in whole cells yielded about 2.4 g·L−1·h−1 and

3.2 g·L−1·h−1 (S)-phenylethanol, respectively, over a reaction

FIGURE 2
Single- and multi-step reactions in w/o PE catalyzed by ADH-A from R. rhodocrous (A), Cv-ATA from C. violaceum (B) and a combination of
commercial ATA-82P (c-Lecta, Germany) and BAL from Pseudomonas fluorescens Biovar I (C,D). (A) PE consisting of HEPES buffer in CPME at a
volume phase ratio of 1:5 containing 6% (w/vdp) silica particles. Reduction of acetophenone (empty symbols) to (S)-1-phenylethanol (filled symbols)
with NADH and iso-propanol. (B) PE consisting of HEPES buffer in CPME at a volume phase ratio of 1:5 containing 6% (w/vdp) silica particles.
Deamination of rac-1-phenylethylamine (empty symbols) to acetophenone (filled symbols) using pyruvate as co-substrate. (C) PE consisting of TEA
buffer in CPME at a volume phase ratio of 1:3 containing 9% (w/vdp) silica particles. Deamination of benzylamine with pyruvate as co-substrate, and
carboligation of benzaldehyde to (R)-benzoin in one-pot over time. (D) PE consisting of TEA buffer in CPME at a volume phase ratio of 1:2 with ATA-
82P and 1:5 with BAL containing 36% (ATA-82P) or 9% (BAL) (w/vdp) silica particles. Deamination of benzylaminewith pyruvate as co-substrate (I), and
carboligation of benzaldehyde to (R)-benzoin (II) in separate vessels. Between the enzyme-catalyzed steps, N-benzyl-1-phenyl-methaneimine
(NBPMI) was hydrolyzed with HCl. All experiments were performed in triplicate. Detailed experimental information is given in the Supplementary.
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time of 3 h. The corresponding space-time-yields for

acetophenone production with isolated Cv-ATA or Cv-ATA

in whole cells were 0.9 g·L−1·h−1 each.
Combination of the commercial transaminase ATA-82P

(c-LEcta, Germany) and BAL in the aqueous phase of a BioPE

successfully converted benzylamine to (R)-benzoin in one-pot

(Figure 2C). Both enzymes showed good activities over a reaction

time of at least 8 h. Unfortunately, an unexpectedly strong

autocatalytic formation of N-benzyl-1-phenylmethanimine

(NBPMI) from benzylamine and the intermediate

benzaldehyde occurred simultaneously, which limited the

availability of benzaldehyde as a substrate for BAL to a

maximum of 9.6 mmol·L−1. Thus, the overall yield of (R)-

benzoin in this system was only 0.8 g·L−1·h−1. However, we

were able to increase the space-time-yield to 2.7 g·L−1·h−1 (R)-

benzoin by transferring the reaction into a multi-pot cascade

consisting of two separate, slightly optimized BioPE with ATA-

82P and BAL, respectively, and an intermediate acid-catalyzed

hydrolysis of NBPMI into benzaldehyde and benzylamine

(Figure 2D).

Reaction control

Most reactions in BioPE are performed in a batch or repeated

batch mode (Bago Rodriguez and Binks, 2020), and in the

beginning, the tedious and potentially damaging steps for

breaking the emulsion between reaction cycles (e.g.,

centrifugation) were regarded as a major obstacle to enzyme

recycling and thus, economic synthetic use. Meanwhile, however,

the development of PE, where particles desorb on demand upon

an external stimulus like pH or temperature (Bago Rodriguez and

Binks, 2020), and in particular, the introduction of continuous

flow systems provide promising options for productive

application. Owing to the high droplet stability, PE can form

a dense packed-bed in a column reactor (Zhang et al., 2016),

where reactants and products can be fed or extracted,

respectively, with the continuous phase at a constant flow.

With standard PE, the hydraulic residence times in these

systems are overall high, because the small droplet sizes incur

high pressure losses while at the same time the droplet

vulnerability to compaction and coalescence allows only small

pressure. However, cross-linking of particles at the interface has

been described to considerably improve the performance (Zhang

et al., 2019). In parallel, in collaboration with partners at HTW

Berlin (Germany), we demonstrated membrane reactors for

continuous ultrafiltration as a promising alternative (Heyse

et al., 2018). These use a stirred vessel as the reaction

chamber and can achieve industrially relevant residence times

without modification of the PE. Thus, a technical basis for the use

of BioPE and its application for multiple consecutive reactions, as

tentatively examined in the previous section, is at hand.

Conclusion and outlook

Our condensed overview of the state-of-the-art and latest

developments in the investigation of PE for biocatalytic use

illustrates the enormous versatility of this system in terms of

compatibility with different solvents, materials, biocatalysts,

reactions and demands on productive application. In

principal, a strategic fit to almost any synthetic problem

seems plausible, while the advantages over alternative biphasic

systems are immanent. The possible implementation of green

solvents or hydrophobic liquid substrates as alternative organic

phases and the general efficiency of small continuous systems

also provide promising credentials for sustainable green

chemistry. All this strongly designates BioPE a key technology

to non-aqueous and multi-step biocatalysis and thus, a key to

better exploit the potential of biocatalysis. Of course, with the

many interacting solid and liquid, organic and inorganic,

biological, and chemical components involved, considerable

further research and development will be required to fully

understand the system and achieve industrial implementation.

Major efforts will probably lie with the design of materials to

match both technical requirements and requirements of the

individual biocatalysts, design of the biocatalysts to remain

active and selective, design of the phase system to distribute

reactants appropriately, and design of reaction control to cope

with the special features of PE such as particle release in the

presence of proteins (Heyse et al., 2018). Since all the aspects

strongly interfere, approaches should at best be interdisciplinary,

involving molecular biologists, chemists, and engineers. In our

perspective, this will be very much worthwhile.
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