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The compartmentalization of chemo- and enzymatic reactions is an 

elegant strategy for one-pot synthesis while avoiding reaction 

incompatibility issues. However, chemoenzymatic compartments 

developed to date are limited to complicated preparation. Herein, we 

present a simple, catalytically active polymer that stabilizes diverse 

types of emulsions for the encapsulation of active enzymes. This 

design combines two distinct catalysts for cascade reaction while 

creating separate micro-environments with a large interfacial area for 

high reactivity. Moreover, the system is developed for solvent-free 

reactions, benefiting the “green” synthesis. 

Introduction: Chemoenzymatic reactions combine the advantages 

of chemo- and biocatalysis, providing great potential for the 

synthesis of many valuable chemicals. [1, 2] For example, optically 

pure chemicals, [3-5] amino acids, [6-8] copolymers [9-11]  and 

biopolymers [12-14] can be chemoenzymatically synthesized in 

either one-pot [15-17] or continuous flow [18, 19] strategy. In these 

cascade reactions, no intermediate isolation and purification are 

required, and therefore less overall workup steps are performed, 

leading to enhanced efficiency and less cost/time consumption. 

Moreover, fewer side reactions take place, giving rise to a high 

yield of desired products. 

Despite many advantages, chemo- and enzymatic reactions are 

often incompatible, especially under one reaction condition, due 

to the different stability and property of the catalysts and 

substrates. For example, organic solvents are preferred for the 

enhanced substrate solubility during chemoenzymatic kinetic 

resolution of alcohols and amines,[20] but frequently lead to 

enzyme inactivation. On the other hand, the use of an aqueous 

environment provides the natural environment for enzymes but is 

unfavorable to many chemical catalysts and organic substrates. 
[21, 22] Besides the incompatibility issue, cross-reactivity of the 

biocatalysts and organic catalysts can be another challenge, 

which often results in undesired side products. [23-25] 

Compartmentalization is a good strategy to solve these problems 

because it allows spatial separation of two catalytic reactions 

under very different conditions without problematic interaction. [19] 

To this end, cryogels [21] and hydrogels [26] were developed for the 

combination of the enzymatic decarboxylation with subsequent 

metathesis. UiO-66-NH2 was recently employed to encapsulate 

both immobilized Pd nanoparticles and lipase for the fabrication 

of a metal-organic-framework-based biohybrid catalyst for 

chemoenzymatic cascade reactions. [27] While much progress 

was achieved in these solid compartments, very little study has 

been expolored using a simple yet powerful liquid 

compartmentalized system - emulsion, which can easily achieve 

the same benefits as the aforementioned systems but has less 

complexity. In addition, emulsions typically have a large interfacial 

area that benefits for efficient mass transfer during catalysis. 

 

Scheme 1. Chemoenzymatic cascade reaction was carried out in a solvent-free 

emulsion, which was stabilized by a hPG-based amphiphile. First step: 

hydrolysis of ethyl diacetate by CalB to ethylene glycol. Second step: 

acetalization of benzaldehyde and ethylene glycol. 

We [28, 29] and others [30-33] have developed polymeric emulsions 

for the encapsulation of biocatalysts for efficient biotransformation. 

Given the fact that polymers can be easily functionalized, we 

hypothesized that the combination of chemo- and bio- catalysts in 
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one emulsion system, at the same time spatially separated, can 

avoid mutual deactivation and benefit cascade reaction. In this 

study, we prepared for the first time compartmentalized emulsions 

for chemoenzymatic synthesis using an amphiphilic and 

catalytically active polymer. These polymeric emulsions were 

created to encapsulate biocatalysts, allowing chemo- and 

biocatalysis proceeded in different compartments (i.e., outside 

and inside emulsions) for improved efficiency. For the proof of 

concept, hyperbranched polyglycerol (hPG) was chosen and 

modified (alkylation and sulfation) to act as both emulsifier and 

organocatalyst in the solvent-free emulsions. Since hPG can be 

easily precipitated after the operation reactions, our emulsions 

provide not only a large interfacial area for the cascade reactions 

but also a compatible platform for easy separation of products. 

Therefore, this strategy greatly simplifies the construction of 

chemoenzymatic cascade systems, reducing a multi-component 

complex to a facile yet efficient fashion (Scheme 1). 

A facile synthesis of the polymeric emulsifier was enabled by 

grafting hydrophobic alkyl chains (lauroyl groups) to the 

hydrophilic hPG (Figures 1a, S1, S2), a biocompatible polymer 

that can enhance the storage stability of enzymes. [34, 35] A mixture 

of polymer solution (10 mg mL-1 in an organic solvent, e.g., 

toluene) and the same volume of water was homogenized by 

gentle hand-shaking to form an emulsion. Surprisingly, slightly 

tailoring the modification degree of alkylation on hPG changed the 

type of emulsion it stabilized. At low alkylation (hPG-C12 10%), 

water was preferred as the continuous phase (oil-in-water, O/W 

emulsion, Figure 1b), while higher alkylation (hPG-C12 15%) led 

to a water-in-oil (W/O) reverse emulsion (Figures 1c, S3). The 

widely accepted hydrophilic-lipophilic balance (HLB) method 

suggests that the HLB value of surfactants for O/W and W/O 

emulsion is ranged in 10 to 13 and 3 to 6, respectively, [36, 37] while 

the HLB value of hPG-C12 10% and 15% calculated is 12 and 10, 

respectively. The mismatch with the empirical prediction was 

mainly attributed to the large, rigid, and compact hyperbranched 

structure of hPG, which results in a virtually higher HLB value. 

Encapsulation of enzymes in a confined volume was necessary 

for biocatalysis in emulsion reactors, [38] and therefore the reverse 

emulsion stabilized by hPG-C12 15% was chosen for further 

studies. 

 

Figure 1. Emulsions stabilized by hPG-C12. (a) Hydrophobicization of hPG by 

alkyl chains. (b, c) hPG with 10% or 15% functionalization of C12 for stabilizing 

O/W or W/O emulsion, respectively. hPG-fluorescein isothiocyanate (hPG-

FITC) was used to stain the aqueous phase. Scale bars 100 µm. 

To demonstrate the usability, an organic-solvent-free emulsion 

was first prepared for biocatalysis by mixing 250 μL neat ethylene 

glycol diacetate and 250 μL enzyme-containing water in the 

presence of hPG-C12 15% (Figures 2a, S5). The enzymatic 

hydrolysis of ethylene glycol diacetate to ethylene glycol was 

carried out by encapsulating Candida antarctica lipase B (CalB), 

and the catalytic performance of the emulsion was investigated. 

Figure 2b showed that the emulsion improved the initial activity of 

enzyme by 2.67-fold compared to the biphasic system control. 

Moreover, the enzyme stability was improved in the presence of 

hPG polymer. In specific, the CalB remained over 90% of its initial 

activity due to the protection of hPG [34] (Figure 3c). However, only 

about 70% of activity was retained without hPG. This result 

indicates the compatibility of the emulsion to biocatalysts as well 

as its potential as an efficient liquid scaffold.  

a

b c
10% O/W 15% O/W

0 °C, dry DMF

 
 

Figure 2. (a) Enzymatic hydrolysis reaction catalyzed by CalB in the W/O emulsion, scale bar 100 µm. (b) The time course of the hydrolysis of ethylene 
glycol diacetate in the hPG-C12 15% emulsion (●) and in the biphasic system (■). (c) The enzymatic stability of CalB with (●) and without (■) hPG. 
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Figure 3. Catalytic emulsion stabilized by hPGS-C12 15%. (a) Emulsion of 
ethylene glycol and benzaldehyde stabilized by hPGS-C12 15%. (b) Time 

course of acetalization in the emulsion (▼) and in the biphasic system (■). 

hPG-FITC was used to stain the ethylene glycol phase. Scale bar 100 µm. (c) 
Conversion of different substrates in emulsion stabilized and catalyzed by 
hPGS-C12 15%. (d) Concentration of acetal products in hPGS-C12 15% 
emulsion and biphasic system with pTSA at different temperatures at 30 
minutes. 

 

Next, we explored the catalytic properties of the emulsion itself. 

And the acetalization reation was chosen as a model reaction 

because of its importance in valuable intermediates synthesis. [39-

41] A 500 μL neat solvent-free emulsion consisting of immiscible 

chemicals, e.g., 250 μL neat aldehydes/acetophenone and 250 

μL neat immiscible ethylene glycol, was prepared using hPG-C12 

15% as the emulsifier (Figure S7). Fluorescence microscopy 

image (Figure 3a) demonstrated that ethylene glycol was the 

dispersed phase. hPG-C12 15% was sulfonated (Figure S9, 

Table S2) to endow catalytic function, [42, 43] enabling it to act as a 

catalyst besides an emulsifier (Scheme S1). The significantly 

improved reaction rate and final yield of the acetalization between 

benzaldehyde and ethylene glycol revealed the catalytic capacity 

of hPGS-C12 15% (Figure 3b). Interestingly, the catalytic 

efficiency of the emulsion highly depends on the types of 

substrates while little affected by reaction temperatures. All 

aliphatic and aromatic aldehydes achieved a high conversion of 

around 80%, suggesting the broad aldehyde substrate spectrum 

of hPGS-C12 15% (Figure 3c). In contrast, acetophenone 

achieved a conversion of only 30% due to its low reactivity and 

the instability of its emulsion (Figures S6, S11). The emulsion of 

benzaldehyde and ethylene glycol was the most stable, and 

benzaldehyde was therefore chosen as the benchmark for further 

study. The experiments at different temperatures, e.g., 4 °C, 25 °C, 

40 °C, and 50 °C (Figure 3d), resulted in the slightly different 

conversion of about 60% within 30 minutes in the case of the 

emulsion system, while the biphasic control with p-toluenesulfonic 

acid (pTSA) was highly temperature-dependent, indicating that 

the emulsification played an important role in the catalytic process. 

Noteworthy, p-TSA was chosen as control for it is a classic 

homogeneous acid catalyst for biphasic acetalization with high 

activity. [43, 44] 

The achievement of chemo- and biocatalysis in the organic-

solvent-free emulsion motivated us to combine them for    

 

Figure 4. Chemoenzymatic cascade reactions combining the polymeric 
emulsion and CalB. (a) Reaction scheme. (b) Time course of the production of 

2-phenyl-1,3-dioxolane in emulsion stabilized by hPGS-C12 15% (▼), by hPG-

C12 15% (●), by pTSA in emulsion stabilized by hPGS-C12 15% (■), and in a 

biphasic system with pTSA (▲) and without pTSA (■). (c) Recycling procedure 

of hPGS-C12 15%. (d) Activity retaining of hPGS-C12 15% emulsion and pTSA 
in hPG-C12 15% emulsion.  

 

chemoenzymatic cascade reactions. A solvent-free emulsion 

system was stabilized by hPGS-C12 15%, where ethylene  glycol 

diacetate and benzaldehyde work as both two phases and 

substrates (Figure S16). Ethylene glycol diacetate was first 

hydrolyzed by CalB to ethylene glycol and then acetalized by the 

chemo-catalyst to 2-phenyl-1,3-dioxolane (Figures 4a). Four 

control reactions, an un-emulsified system without 

chemocatalysts an un-emulsified system with pTSA as 

chemocatalysts, an emulsion system stabilized by hPG-C12 

without chemocatalysts, and an emulsion system stabilized by 

hPG-C12 with pTSA as chemocatalysts, were prepared to 

compare the catalytic performance. The final product in hPGS-

C12 15% emulsion was the highest among all systems with a 

concentration of 0.73 M, while the other four control systems had 

a yield of 0.46 M (pTSA in hPG-C12 emulsion), 0.32 M (pTSA), 

0.23 M (hPG-C12 emulsion), and 0.15 M (blank), respectively 

(Figures 4b). Moreover, the catalysts can be easily recycled and 

reused (Figure 4c). The hPGS-C12 15% emulsion remained over 

80% of the activity in the third time use and over 55% in the fourth 

time. In contrast, the pTSA in hPG-C12 emulsion remained only 

15% of the activity. This success indicates that our polymeric 

emulsion is a potential platform that can combine different 

biocatalysts for advanced synthesis and cascade reactions. 

In summary, we have reported an amphiphilic and catalytically 

active polymer to stabilize diverse types of emulsions in the 

presence or absence of water. The resultant emulsions allow for 

not only chemical reactions proceeded at an emulsion interface 

but also for encapsulation of active biocatalysts. This finding is 

significant because it shows for the first time the potential of 

synthetic macromolecules for emulsion catalysis. Furthermore, 

polymeric emulsion and biocatalysts have been combined to 

catalyze solvent-free chemoenzymatic reactions with high yield. 

On a broad perspective, this successful demonstration opens new 

avenues in the field of cascade reactions where a plateau of other 
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catalytic polymers and biocatalysts can be further combined to 

address synthetic challenges. 
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