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Abstract: Nonaqueous Pickering emulsions (PEs) are a powerful 

platform for catalysis design, offering both a large interface contact 

and a preferable environment for water-sensitive synthesis. However, 

up to now, little progress has been made to incorporate insoluble 

enzymes into the nonaqueous system for biotransformation. Herein, 

we present biocatalytically active nonaqueous PEs, stabilized by 

particle-enzyme nanoconjugates, for the fast transesterification and 

esterification, and eventually for biodiesel synthesis. Our 

nanoconjugates are the hybrid biocatalysts tailor-made by loading 

hydrophilic Candida antarctica lipase B onto hydrophobic silica 

nanoparticles, resulting in not only catalytically active but highly 

amphiphilic particles for stabilization of a methanol-decane emulsion. 

The enzyme activity in these PEs is significantly enhanced, ca. 375-

time higher than in the nonaqueous biphasic control. Moreover, the 

PEs can be multiply reused without significant loss of enzyme 

performance. With this proof‐of‐concept, we reasonably expect that 

our system can be expanded for many advanced syntheses using 

different enzymes in the future. 

In enzyme catalysis, biphasic reaction media have been 

increasingly explored in both simple and complex 

biotransformation.[1] The merit of biphasic design is to provide an 

individual environment to suit both catalysts and substrates under 

reaction conditions. For example, water-organic two phases offer 

not only a natural environment to enzymes but also an organic 

reservoir to the substrates of interest.[2] As a result, biphasic 

biocatalysis has achieved great successes, particularly in the 

synthesis of valuable drugs and intermediates.[3] However, 

biphasic biocatalysis often requires  vigorous stirring for efficient 

mass-transfer between aqueous and organic phase, which is a 

costly and energy-intensive process.[4]  

In this context, colloidal particles were recently employed to 

emulsify the enzyme-containing two phases into Pickering 

emulsions (PEs), creating a large interface for 

biotransformation.[5] As particles are more recyclable than classic 

emulsifiers (e.g. surfactants), PEs give rise to not only high 

catalytic efficiency but also facile recovery of emulsifiers.[6] 

Moreover, PEs are more stable, economic, and eco-friendly than 

traditional emulsions.[7] These combined advantages have thus 

promoted rapid developments of PEs for a wide range of synthetic 

biotransformation. For instance, oxidases,[8] lyases,[9] and 

lipases[10] were accommodated in PEs for the synthesis of 

epoxides, α-hydroxy ketones, and aliphatic esters, respectively. 

Notably, by far and away, biocatalytic PEs were created mostly 

from water-organic two-phase,[11] because the presence of a 

water phase provides favorable accommodation for enzymes. 

However, for industrial bioconversions, water sometimes causes 

negative effects, such as degrading organic reagents, reducing 

product yields, frequently giving rise to unwanted side 

reactions.[12] Therefore, there has been a quest to establish 

nonaqueous PEs for more efficient biocatalysis. 

 

In pioneering studies, Yang’s group promoted such nonaqueous 

PEs using an ionic liquid (IL)/oil two-phase system, in which 

lipases were suspended in ILs for continuous 

transesterification.[13] This design allowed for high reactivity with 

minimal by-products, suggesting its great potential in water-

sensitive synthesis.[14] However, its preparation is at the cost of 

suspending enzymes in the IL phase, which may suffer from 

diffusion resistance. Moreover, these PEs,[13, 15] along with Dyab’s 

and Armes’s work,[16] were prepared from either special solvents, 

e.g., ionic liquids, which require tedious preparation, or glycerin 

(ethylene glycol)/oil mixture, which poses problems to product 

separation. From a practical standpoint, the use of commercially 

available organic solvents benefits for the wide application scope  
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Scheme 1. Principle of active nanoconjugates formation for nonaqueous PEs 

and biotransformation. 

and easier product recovery.[17] Therefore, to develop a generic, 

nonaqueous PEs platform from these organic solvents with 

minimum mass transfer resistance for biocatalysis is highly 

desired. However, such development remains difficult to achieve 

especially in the presence of enzymes, not only because of the 

lack of highly surface-active particles for emulsification, but also 

due to challenges in distributing insoluble enzymes in organic 

environment. 

 

To face the challenge, we here present hybrid nanoconjugates 

comprised of silica nanoparticles and Candida antarctica lipase B 

to stabilize nonaqueous PEs from the common solvent mixture of 

methanol and decane for efficient and recyclable biocatalysis. In 

this system, nanoconjugates are obtained by stepwise 

modification of silica nanoparticles (NPs) with silanization 

(hydrophobization) and enzyme adsorption (hydrophilization), 

respectively. This simple modification not only immobilizes 

enzymes for easy recycling, but also improves the surface 

properties of the particles. To the best of our knowledge, this 

strategy, for the first time, uses proteins to engineer nanoparticle 

surfaces for nonaqueous PEs. The facile and tailorable process 

enables the nanoconjugates to simultaneously act as both 

emulsifiers and catalytic sites at organic/organic interfaces for 

different biotransformation.  
 

For the preparation of nanoconjugates, silica NPs were chosen 

due to their easy manipulation of particle size, crystallinity, and 

shape.[18] Original silica NPs with a diameter of ca. 200 nm were 

synthesized via the Stöber method[19] and characterized by 

transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) (Figure S1, S2), respectively. The NPs were 

then modified in two steps for tailoring their surface wettability, as 

illustrated in Scheme 1. The first step was approached by 

hydrophobizing the particles with trimethoxy(octadecyl)silane 

(TMODS) (supporting information), obtaining three hydrophobic 

degrees, denoted as hydrophobicity-high (Hy-H), hydrophobicity-

medium (Hy-M), and hydrophobicity-low (Hy-L), which were 

compared to a control sample, i.e. unmodified NPs (Un). In the 

second step, the particle hydrophobicity was finely adjusted by 

physical adsorption of enzymes. In this case, Candida antarctica 

lipase B (CalB) was loaded because of its industrial relevance and 

robustness in organic solvents.[20] The obtained nanoconjugates 

were correspondingly named as NC-H, NC-M, NC-L, and NC. The 

silanization and enzyme loading processes could be clearly  

 
Figure 1. a) FTIR spectra of unmodified (black), Hy-H (red) and NC-H (blue) 

particles, inset is the magnification of the selected zone; b) element mapping 

based on EDXS for NC-H, scale bar: 100 nm; c) contact angles of particles.  

 

identified by FTIR spectroscopy (Figure 1a). The appearance of 

the C-H stretching mode (2920 and 2850 cm-1) confirms the 

presence of alkane on the particles after silanization,[21] while 

emerging bands at 1650 and 1530 cm-1 were assigned to the 

amide bonds of the loaded CalB, which verified the formation of 

the nanoconjugates.[22] 

 

To gain insights into the nanoconjugate structure, microscopical 

studies by TEM and SEM showed that the modification caused no  

changes to the particle size and morphology (Figure S3, S4). 

Energy-dispersive X-ray spectroscopy (EDXS) in scanning TEM 

mode proved the existence of nitrogen as well as osmium that is 

from osmium-tetroxide-treated CalB,[23] indicating the equal 

distribution of enzymes on the particles (Figure 1b). Furthermore, 

the CalB loading content was determined by the Bradford 

assay,[24] with the amount of  28, 26, 24, and 17 μg protein/mg particle 

for NC-H, NC-M, NC-L, and NC, respectively (Figure S5). The 

variation of the protein loading suggests that hydrophobic 

particles adsorb more enzymes due to the hydrophobic 

interaction.[25] Such loading difference was also confirmed by 

thermal gravimetric analysis (TGA), in which higher weight loss 

was observed for more hydrophobic nanoconjugates (Figure S6). 

Once proteins were loaded onto particles, they were difficult to 

leach, even under intensive washing (5 times) in water, methanol, 

and decane (Figure S7, S8, S9), suggesting the strong enzyme 

attachment to the particles. The attachment typically resulted in 

high enzyme activity and stability (Figure S10, S11).[26] For 

example, the nanoconjugate NC-H retained over 85% of its 

original activity at 80°C, while native CalB lost over 45% activity 

under the same conditions. 

 

In addition, enzyme attachment altered the particle surface 

properties, which could be observed by the gradual increase of 

the nanoconjugates’ zeta potential in response to the enzyme 

loading (Figure S12 - S17). This behavior indicates the improved 

wettability of particles after enzyme loading. For more 

straightforward observation, contact angle analysis was 

performed to investigate the surface hydrophobicity of the 

particles after each modification step. Figure 1c shows that the 

contact angle changed from ca. 36° (unmodified) to over 124° 

after alkane modification, suggesting the hydrophobization of 

particles during silanization.[27] Upon enzyme loading, the contact  
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Figure 2. Emulsion appearance at a) 0 h and b) 24 h; emulsion images from c) 

optical microscopy and d) fluorescence microscopy the methanol phase is 

dissolved with fluorescein-isothiocyanate-labelled hyperbranched polyglycerol 

(FITC-hPG); e) emulsion droplets with CalB-FITC on particle; f) SEM image of 

a crosslinked emulsion droplet; g), h) nanoconjugates packing on surface; i) 

emulsion shell. 

 

angle decreased to a range between 80° and 87°, indicating the 

good wettability of these nanoconjugates.[28] 

 

The excellence in both protein leaching profiles and particle 

wettability suggests the potential of the nanoconjugates for 

stabilization of nonaqueous PEs with the chosen conventional 

solvent mixture.[6, 29] As such, PEs were prepared by mixing 

nanoconjugates with an immiscible biphasic mixture of methanol  

and decane, followed by homogenization via vigorously shaking 

for one minute. The obtained decane-in-methanol PEs were 

stable over at least 24 h with a narrow size distribution, which 

could be confirmed by photography (Figure 2a, 2b) as well as 

optical and fluorescence microscopy (Figure 2c, 2d). In particular, 

a clear emulsion interface was observed from nanoconjugates 

prepared with CalB-labelled fluorescein isothiocyanate (CalB-

FITC) (Figure 2e). This observation, on the one hand, is a direct 

confirmation that enzyme-containing nanoconjugates stabilize the 

emulsions. On the other hand, it encouraged us to further 

investigate the detailed emulsion structure. A SEM study showed 

that individual PE droplets (crosslinked for easy visualization, see 

supporting information) were indeed stabilized by nanoconjugate 

particles that are closely packaged at the emulsion interface 

(Figure 2f-h). Typically, these nanoconjugates assembled to form 

a layer with a thickness of 1 μm (Figure 2i), which maintained the 

emulsion’s structural integrity while allowing substrate diffusion. 

Taken together, the microscopy study proved a sufficient 

nanoconjugates’ loading at the emulsion interface, thus 

suggesting their usability for interfacial biocatalysis. 

 

For a proof-of-concept, a transesterification reaction between 

octyl octanoate and methanol was established as a model 

reaction for the catalytic assessment of the nonaqueous PEs, 

because it represents a class of water-sensitive reactions 

(Scheme S2a). During the reactions, CalB-containing 

nanoconjugates simultaneously acted as emulsion stabilizers and 

catalytic sites at the liquid/liquid interface, while the emulsions can 

be demulsified by adding a large amount of ethyl acetate for 

product recovery. Figure 3a shows that the catalytic efficiency of 

PEs is highly dependent on the ratio of the two solvents. A 

methanol-to-decane (m/d) volume ratio of 9:1 resulted in the 

optimal activity, as compared to the other ratios, such as 8:2, 7:3, 

6:4, and 5:5. To explain such dependency, these emulsions were 

subjected to optical microscopy analysis (Figure  

 

Figure 3. a) Methanol-to-decane ratio optimization; b) transesterification 

reaction profiles in different systems; c) influence of water contents on the 

reaction efficiency; d) recycling study of NC-M.  

 

S20, S21), by which calculations[30] suggested that emulsions with 

m/d 9:1 had the largest interfacial area, thus contributing to the 

optimal contact between catalysts and substrates. In addition to 

the solvent ratio, the catalytic performance of PEs relies on the 

applied amount of nanoconjugate particles. A higher particle 

loading, such as NC-H, resulted in a faster conversion, while the 

optimal specific activity was achieved at 100 mg/mL particle 

concentration (Figure S22 and S23). Therefore, emulsions with 

d/m 9:1 (100 mg/mL) were selected as the most suitable 

candidate compared to other systems. 

 

A non-emulsified methanol/decane two-phase system (without 

stirring) was chosen for comparison using the native CalB, 

Novozyme 435 (a benchmark CalB immobilisate), and chemical 

catalysts (e.g., sodium hydroxide and sodium methoxide), 

respectively. The employment of alkaline catalysts caused quick 

foam formation at room temperature, and as a result, no product 

could be isolated (Figure S24). Figure 3b shows the low 

bioconversion using both native CalB and Novozyme 435, which 

is attributed to the poor contact of the catalysts to the immiscible 

solvents. In strong contrast, PEs using nanoconjugates could 

proceed the transesterification with 375- and 20-time higher 

activity than CalB and Novozyme 435, respectively, due to their 

direct presence at the interface. In particular, NC-M outweighed 

other types of nanoconjugates for its larger emulsion interface 

area (Figure S25 - S28), thus used in following reactions. Despite 

reactivity difference, our next experiment showed that CalB in 

nonaqueous emulsions still maintain high degree of 

enantioselectivity (Figure S29). This result suggests the potential 

of our PE for perspective asymmetric synthesis. Beside these 

comparisons, the system was explored in the presence of water 

that is known to be unfavourable for transesterification.[31] Indeed, 

the reaction using NC-M was gradually prohibited by water 

increasing from 0 to 10% (v/v %) (Figure 3c), suggesting the 

importance of water-free conditions during the reactions. 

Furthermore, the nanoconjugates (e.g., NC-M) could be easily 

recycled by centrifugation and reused up to 6 consecutive runs in 

the nonaqueous PEs without significant loss of activity (Figure 3d). 

 

Like the transesterification, esterification benefits from water-free 

conditions due to the favourable reaction equilibrium. To  
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Figure 4. a) Emulsion droplets from optical microscopy with methanol and 

sunflower oil as the two phases; fluorescence microscopy of b) fluorescein-

isothiocyanate-labelled hyperbranched polyglycerol (FITC-hPG) in methanol, c) 

Nile red in sunflower oil; d) reaction profiles of NC-M and biphasic systems; e) 

purification of synthesized biodiesel. 

  

demonstrate the widespread usability, nonaqueous PEs were, 

therefore, employed for ester formation from methanol and 

octanoic acid. A faster bioconversion could be observed for the 

reaction in PEs compared to a non-emulsified two-phase system 

(Figure S30, S31). Beside the single reaction, the emulsions could 

be extended to a one-pot double reaction including both 

transesterification and esterification with high reactivity (Scheme 

S3) (Figure S32, S33). These successes suggest that the 

nonaqueous PEs are a versatile system applicable to a vast 

variety of lipase-catalysed reactions and substrates.  

 

In the pursuit of more applications, nanoconjugate particles were 

also employed to stabilize solvent-free PEs. A first attempt was 

demonstrated with NC-M-stabilized PEs from methanol and octyl 

octanoate (Scheme S2c) (Figure S34), where the 

biotransformation could be fast accomplished directly from the 

two phases without any additional solvent. (Figure S35, S36).  

 

Biodiesel is regarded as a renewable and clean energy source to 

solve the negative environmental consequences of fossil fuels.[32] 

It can be produced from animal fats/vegetable oils through 

transesterification/esterification reactions with short-chain 

alcohols (Scheme S2d). Given the above successful performance, 

a NC-M-stabilized emulsion based on sunflower oil and methanol 

as the solvent-free system was applied for biodiesel synthesis.  

The stable oil-in-methanol emulsion was confirmed by optical and 

fluorescence microscopy (Figure 4a, 4b, 4c). The two-phase 

systems with native CalB and Novozyme 435 were investigated 

for comparison. As presented in figure 4d, the emulsion system 

performed much better than the controls. For example, the 

emulsion system showed over 160- and 20-time higher activity 

than native CalB and Novozyme 435, respectively (Figure S37). 

Methanol is a well-known enzyme inhibitor for lipase in solvent-

free biodiesel synthesis.[33] Therefore, in the state-of-the-art 

process, methanol is added separately in portions to avoid the 

inhibition.[34] In strong contrast, our nanoconjugates-stabilized PE 

system showed no inhibitory effect on lipase, which contributed to 

the simplified process and improved catalytic performance. 

Moreover, the easy reusability of the nanoconjugates facilitated 

biodiesel synthesis through several times of recycling (Figure 4e). 

It is worthwhile mentioning that although much biocatalytic 

biodiesel is produced industrially using other immobilised or 

liquid-phase lipases (e.g. Rhizomucor miehei lipase and 

Thermomyces lanuginosus lipase),[35] our successful study 

provides an alternative to the classic processes. 

 

In summary, we tailor-designed highly wettable particle-enzyme 

nanoconjugates that adsorb at the nonaqueous liquid/liquid 

interface for the stabilization of PEs. In particular, these 

nanoconjugates stabilize a methanol-decane solvent mixture into 

PEs, where both transesterification and esterification could be 

efficiently catalysed. On a broader perspective, these successful 

demonstrations open a new avenue in the field of nonaqueous 

biotransformation, whereby various chemical reactions with 

different substrates can be explored. Moreover, the 

nanoconjugates enabled the solvent-free biodiesel synthesis with 

high efficiency. This success suggests the promising perspectives 

of nanoconjugate-stabilized PEs towards more solvent-free 

biocatalysed processes in the industry.   
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Enzyme catalysis at the organic-organic interface was demonstrated in a nonaqueous 

Pickering emulsions (PEs). The PEs were stabilized by tailor-designed particle-enzyme 

nanoconjugates which act as emulsifiers and catalytic sites. The enzyme activity in the 

nonaqueous PE for transesterification was 375-time than the control. Moreover, this system 

was applicable to various reactions including the solvent-free biodiesel synthesis with good 

performance. 
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