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The practical applications of enzymes often require their immobilization for
multiple recycling or long-term running. However, practically efficient enzyme
immobilization methods are lacking. Herein, we present an enzyme immobi-
lization approach by engineering a porous “interphase” between water and oil
around the surfaces of Pickering emulsion droplets. The designed “interphase”
consists of a porous, nanometer-thick silica shell serving as a scaffold to
incorporate enzymes. Within this “interphase”, enzymes can simultaneously
be in contact with enzyme-preferred aqueous microenvironment and the oil
phase containing organic reactants. The porous “interphase” with its tunable
structure and properties allows modulation of transport of reactants, crudely
akin to a cell membrane, and of local concentration of reactants. As a proof of
the concept, we showcase that our “interphase” strategy is very effective in
immobilization of Candida antarctica lipase B (CALB) for continuous-flow
olefin epoxidation. Long-term stabilization (800 h), 16-fold increase in cata-
lysis efficiency relative to batch reactions, and 99% H,0, utilization efficiency
are achieved. The integration of unique microenvironment and hydrophobic
pores of the “interphase” is found to be crucial for such excellent perfor-
mances, practically providing the most efficient enzymatic epoxidation sys-
tem. This strategy opens an avenue for the design of efficient and sustainable
biocatalytic processes.

M Check for updates

Enzymatic reactions are becoming increasingly important for the
synthesis of fine chemicals due to their high activity and excellent
selectivity under mild reaction conditions'*. However, their practical
applications are often hampered by two challenges: limited reusability
and rapid deactivation of enzymes caused by concentrated reactants
or toxic molecules*®. For instance, Candida antarctica lipase B (CALB)
has exhibited considerable catalytic potentials in olefin epoxidation,
generating high-value epoxides’™. Unfortunately, hydrogen peroxide

(H,0,) as an oxidant needed in this reaction can frequently lead to
enzyme deactivation, thus impeding the practical applications of this
enzymatic reaction’.

To address the challenge of enzyme recycling, various immobili-
zation methods have been extensively explored. These include physi-
cal adsorption™?, covalent bonding™", cross-linking*'¢, and
encapsulation” ™. Despite significant advances, these methods occa-
sionally suffer from either enzyme leaching or enzyme deactivation,
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resulting in limited success of their use in industrial processes?* 2. One
of key reason for the loss of catalytic efficacy is that the immobilized
enzymes lose their preferred native microenvironment, where the
presence of surrounding physiological water is necessary in main-
taining the 3D structure of enzyme and therefore its functioinality>**.
To preserve the aqueous environment, researchers have designed
micelles™?*, vesicles”’*°, emulsion droplets®*®*, and colloidosomes****
to accommodate enzymes. These approaches aim to host free
enzymes within their native aqueous environments, simulating cells or
cell membranes* ™, However, the inherent thermodynamic and
mechanical instability of these soft structures often poses a challenge
to their efficient recycling, particularly in relation to the continuous-
flow biocatalysis processes desired by industry*®*.,

Pickering emulsions, renowned for their exceptional stability and
versatile design potentials, have proven to be an excellent platform for
constructing cell-mimicking structures*>*%, For example, Wu et al.
demonstrated a method to grow silica-polymer shells around Picker-
ing emulsion droplets, achieving improved mechanical stability and
enabling continuous-flow enzymatic catalysis*’. Very recently, our
group also developed a straightforward approach to grow porous
silica or metal-organic framework (MOF) shells around Pickering
emulsion droplet surfaces. These shells mimick the selective perme-
ability and protective functions in a somewhat analogous manner to
cell membranes®. Despite these advances, achieving effective
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Fig. 1| Construction and characterization of the enzyme@IP. a Schematic
illustration of the fabrication of the enzyme@IP and the enzymatic olefin epox-
idation process. b SEM image of enzyme@IP. ¢ Magnified SEM image of a single
enzyme@IP. d SEM image of a single deliberately broken enzyme@IP showing the
hollow interior, within which water previously resided. e SEM image of the

control over the transport of reactive and potentially harmful mole-
cules such as H,0,, remains a significant challenge. To the best of our
knowledge, up to now there has been no practically effective methods
to immobilize enzymes for H,0,-involed epoxidation or oxidation.
Herein, inspired by the structure and function of cell membranes
that can host enzymes and regulate the accessibility of enzyme
towards poisonous molecules, we develop an enzyme immobilization
strategy. This involves growing a porous, hydrophobicity-tunable,
nanometer-thick silica shell at the water—oil interface of Pickering
emulsion droplets (Fig. 1a). The technique leads to the formation of a
porous “interphase” between water and oil where enzymes are incor-
porated, referred to as enzyme@IP. Somewhat similar to enzymes
residing in living cell-membranes, the enzymes incorporated within
enzyme@IP enable control of the diffusion rate and local substrate
concentrations due to the tunable thickness of “interphase” and
hydrophobicity of nanopores. Additional three other aims of this
design are: (i) allowing enzymes to remain in contact with physiolo-
gical environment for maintaining their structure and thus native
activity; (ii) The enzymes can facilely be accessed by the organic sub-
strates in oil phase; And (iii) the enzyme@IP in form of robust cell-like
capsules can be directly packed into a column reactor to achieve
continuous-flow reactions. The effectiveness of our strategy is
demonstrated by continuous-flow olefin epoxidation which often
suffers from enzyme deactivation caused by H,0,. Long-term
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“interphase”. f Elemental mapping of “interphase” for the N element. g CLSM image
of enzyme@IP with the enzyme labeled by FITC-I. h 3D CLSM image for a single
enzyme@IP. i Fluorescence intensity profiles showing the FITC-labeled enzyme
distribution within enzyme@IP.
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operational stabilization (800 h), 16-fold increase in catalysis efficiency
relative to batch reaction, and 99% H,0, utilization efficiency are
achieved. The interesting catalytic effects arising from the “interphase”
are studied here and unraveled.

Results

Fabrication and characterization of enzyme@IP

The fabrication of the targeted enzyme@IP mainly involves two steps:
(i) a water-in-oil Pickering emulsion was produced by shearing a mix-
ture comprising an enzyme-contained aqueous solution and n-octane,
in the presence of partially hydrophobic silica nanospheres serving as
solid emulsifiers (Supplementary Figs. 1, 2 present the characteriza-
tions of the solid emulsifier and the type of Pickering emulsions); (ii)
An interfacial sol-gel procedure was conducted by adding an organo-
silane to form a porous shell around the Pickering emulsion droplet,
generating a porous “interphase” between water and oil. Since enzyme
molecules have a high affinity to the water—oil interface, they are
incorporated within the “interphase”.

After removing the external oil and internal water, the scanning
electron microscopy (SEM) images of enzyme@IP show the formation
of discrete cell-like capsules with a perfectly spherical structure and an
average size of 45+ 5 um (Fig. 1b, c¢), which closely corresponds to the
size of the Pickering emulsion droplets before solid shell formation
(Supplementary Fig. 3). The porosity of enzyme@IP was determined
with nitrogen sorption analyzer, where the pore size and specific sur-
face area were measured to be ca.2.2nm and 167 m? g™, respectively
(Supplementary Fig. 4a). Since no additional surfactant templates were
introduced during the synthesis process, the disordered nanopores of
the solid shell were generated due to the sol-gel process™, and were
slightly influenced by the surface coverage of solid emulsifiers on the
emulsion droplets (Supplementary Fig. 4b). In the SEM image of a
deliberately crushed sample, the hollow structure within which water
previously resided is clearly seen (Fig. 1d). Based on the cross-sectional
image, the shell thickness was estimated to be ~170 nm (Fig. 1e). Lipase
CALB tends to adsorb onto the interface of water-in-oil Pickering
emulsion droplets due to its amphiphilic nature and the adsorption
effects of the hydrophobic solid emulsifier’>**. Therefore, once the
porous hydrophobic silica shell layer is formed around the emulsion
droplet, the enzyme incorporates itself within the enzyme@IP. This is
also evidenced by elemental mapping analysis, since the N element
from the enzyme was distributed in the porous shell region, as seen in
the micrograph of the cross-section of an enzyme@IP (Fig. 1f). To
better visualize the positioning of CALB at the enzyme@IP, we labeled
CALB with fluorescein isothiocyanate 1 (FITC-I). The confocal laser
scanning microscopy (CLSM) images showed that nearly all of the
enzyme was localized within the enzyme@IP. No fluorescent signals
were detected outside enzyme@IP (Figs. 1g and 1h). The fluorescence
signal is much stronger at the edges of the enzyme@IP, further indi-
cated that enzyme was predominantly located within the “inter-
phase” (Fig. 1i).

The obtained enzyme@IP exhibited a good mechanical sta-
bility. After treatment with heating at 110°C for 3 h, the enzy-
me@IP retained its original morphology without any discernible
damage, whereas the Pickering emulsion droplets underwent
destruction under comparable conditions (Supplementary Fig. 5).
Furthermore, when the enzyme@IP was packed into a column
reactor and was then subjected to continuous pumping of various
polar organic solvents, such as ethyl acetate, alcohol, and N, N-
dimethylformamide (DMF), at a flow rate of 5mLh™, the enzy-
me@IP preserved its structural integrity over a period of 30 min.
This was notably different from the severe breakage observed in
the case of Pickering emulsion droplets without the formation of
the “interphase” (Supplementary Fig. 6). Notably, even under a
higher flow pressure of 1MPa and a flow rate of 50 mLh™ (with
ethyl acetate as the mobile phase), the morphology of

enzyme@IP remained intact. There was no change in the height
of the packed column even after a continuous-flow operation for
48 h (Supplementary Fig. 7). These findings provide a number of
compelling evidences for the robust structural stability of the
fabricated enzyme@IP.

Interestingly, we also found that the partition coefficient of
organosilane between the oil and water phases, together with
the hydrolysis rate of organosilane jointly dictate the formation of
“interphase”. Four organosilanes, trimethoxysilane (TMS), tetra-
methoxysilane (TMOS), trimethoxymethylsilane (MTMS), and tri-
methoxyoctylsilane (OTMS), with different log P values (P represents
the partitioning coefficient of a compound between oil and water)
were separately used to grow water—oil “interphase”. In this process,
hexylamine was acting as catalyst used at a the molar ratio of orga-
nosilane to hexylamine of 1:3. The hydrolytic rate of these organosi-
lanes gradually decreases due to the change in molecular structure™.
With the log P value being <0, TMS which is partially soluble in water is
inclined to partition in the aqueous phase, diffusing from the oil phase
into the water droplets. Due to the high hydrolytic activity of Si-H, TMS
is rapidly hydrolyzed and the condensation of the resultant hydrolyzed
species occurs within the water droplets. This generates numerous
irregular silica nanoparticles inside the droplets (Fig. 2a; and 2b). When
the log P value of the organosilane increases to about O (e.g., TOMS),
the organosilane is less soluble in water, and its hydrolysis and the
subsequent condensation mainly take place at the oil-water interfaces,
leading to the formation of so-called “interphase” between water and
oil (enzyme@IP). However, owing to the high reactivity of TOMS with
water™, the condensation rate cannot keep up with this rapid hydro-
lysis rate. The “interphase” was relatively fragile because of a lack of
efficient linkages between hydrolyzed species, making this unamen-
able to the design of practical catalysis (Fig. 2a, and 2b). Much more
promisingly, when hydrophobic MTMS (containing a hydrophobic
group —CHj3, with a log P value between O and 1) was used, a well-
defined enzyme@IP was generated (Fig. 2a; and 2b). This is because
the moderately hydrophobic methyl group of MTMS leads to a
decreased hydrolysis rate. In this case, the hydrolysis can progress at a
rate more comparable to that of the condensation rate at the interface.
The elemental mappings revealed a uniform distribution of C elements
throughout the “interphase” (Supplementary Fig. 8). However, when
the hydrophobicity of organosilane increased even further, as with
OTMS (with a log P value considerably >1), almost no “interphase” was
formed (Fig. 2a, and 2b). This can be explained by the fact that, at high
log P values, organosilane was primarily distributed in the oil phase. In
such a situation, it was not so easy for hydrolysis to take place at the
water-oil interface, thus making it more difficult to form an
“interphase”.

Moreover, the thickness of the “interphase” was largely influenced
by the amount of the applied organosilane. As the MTMS dosage was
progressively increased from 0.15 to 0.30, 0.45, and 0.60 g mL™ (with
respect to the water phase), the “interphase” thickness increased
correspondingly from 120 to 170, 320, and 620 nm, while the enzy-
me@IP continued to maintain a comparable shape and diameter
(Fig. 2c). These results demonstrate that our approach allows con-
trollable adjustment of the interphase’ thickness. We employed fluor-
escent dye Rhodamine B (RB) to assess the transport property of the
enzyme@IP (Supplementary Fig. 9). The CLSM images demonstrated
rapid diffusion of RB molecules toward the interior of the enzyme@IP,
accompanied by an increase in fluorescence intensity with time, in the
interior (Fig. 2d). The findings revealed a correlation between the
molecular exchange rate and “interphase” thickness. Notably, an
increase in “interphase” thickness led to a decrease in the rate of
molecular exchange, primarily due to the increased tortuosity and
extended diffusion paths. These findings can serve as a valuable guide
for the design of enzyme@IP featuring controllable diffusion of
molecules.
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Fig. 2 | Characterization of enzyme@IP synthesized with different types and
amounts of organosilanes. a SEM images of enzyme@IP synthesized with various
organosilanes: a, trimethoxysilane (TMS), a, tetramethoxysilane (TMOS), a; tri-
methoxymethylsilane (MTMS), and a, trimethoxyoctylsilane (OTMS). b Log P
values of various organosilanes (P represents the partition coefficient of compound
between oil and water) and the corresponding SEM images of enzyme@IP

b 3.5
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synthesized using each organosilane. The shading represents the region where 0
<Log P <1. ¢ SEM images showing the different shell thickness of enzyme@IP at
various MTMS concentrations: ¢; 0.15gmL™, ¢; 0.3gmL™, ¢3 0.45gmL™, and ¢4
0.6 gmL™. d Fluorescence intensity of rhodamine B diffusion into the interior of
enzyme@IP over time at different shell thicknesses.

Enhanced CE in olefin epoxidations

We examined the catalytic performance of our enzyme@IP in the
enzymatic epoxidation of olefins. Lipase CALB was selected as a
catalyst to produce peracids in situ by catalyzing oxidation of car-
boxylic acids with H,0, (Fig. 3a). Subsequently, based on the Prile-
shajev reaction mechanism, the peracids directly oxide olefin into
epoxide. The generated carboxylic acid could be reused as an acyl
donor in the next catalytic cycle’. Before testing continuous-flow
reactions, we performed this enzymatic olefin epoxidationin a batch
system. A conventional biphasic reaction involving an ethyl acetate
phase containing cyclooctene and H,0,, and a phosphate buffered
saline (PBS) phase containing CALB was examined. Ethyl acetate was
chosen because it can be hydrolyzed by lipase CALB to generate a
small amount of acetic acid, which then acts as a precursor for the
in situ formation of peroxyacetic acid. Additionally, ethyl acetate is
capable of dissolving both the olefin substrates and H,0,. After 10 h
of reaction, the cyclooctene conversion reached only 20%, and the
conversion remained virtually unchanged even with an extended
reaction time (Fig. 3b). In the subsequent cycles, the conversion
decreased down to 4% in the second cycle and then to 1% in the third
cycle, indicating a significant decline in the enzyme activity (Sup-
plementary Fig. 10). The reason for this is that the free enzyme
rapidly loses activity at high H,O, concentrations, as has been
demonstrated previously’. Next, we replaced the batch biphasic
reaction with an enzyme@IP-based continuous-flow system. Here,

enzyme@IP was acting as solid catalyst which had been directly
packed into a column reactor (equipped with a sand filter at the
bottom of column). The reactant solution was continuously pumped
into the inlet of the column reactor, and the product-rich stream was
collected from the outlet. The setup and operational details are
shown in Supplementary Fig. 11. Surprisingly, the cyclooctene con-
version gradually increased, reaching up to 98%, while no by-
products were detected (Fig. 3c). Based on the conversions obtained
in the batch and flow systems, we estimated the CE values of CALB
(CE, defined as pmol of substrate converted per milligram of enzyme
per min, Fig. 3d). The continuous-flow system resulted in a CE value
of 76 mol mg™ min™, which was ~16 times higher than that obtained
for the batch reaction (4.8 mol mg™ min™). Furthermore, the H,0,
utilization efficiency (defined as the molar ratio of product to actual
consumed H,0,) in the continuous-flow system was about 99%,
exhibiting a 1.5-fold increase relative to the batch system (65.6 %,
Fig. 3e). The method for determining residual H,0O, content after the
reactions is detailed in Supplementary Method 3. The remarkable
increase in CE in the continuous-flow system is partially attributed to
the continuous-flow effect™ . Essentially this effect maintains high
reaction efficiency by making available a constant supply fresh
reactants while reducing the accumulation of H,0, at the “inter-
phase”. This was further confirmed by an experiment, where sus-
pending the flow for 48 h led to a remarkable decrease in olefin
conversion to 65% upon restarting (Supplementary Fig. 12).
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Fig. 3 | Olefin epoxidations in batch and continuous-flow systems. a Reaction
network of olefin epoxidation using enzymatically in situ-generated peracids.

b Conversion of cyclooctene over time in batch system. ¢ Conversion of cyclooc-
tene over time in the continuous-flow system. d Comparison of catalytic efficiency
(CE) of Candida antarctica lipase B (CALB) in batch and flow systems. CE is defined
as umol of substrate converted per milligram of enzyme per min (i.e., umol mg™
min™). e Comparison of H,0, utilization efficiency in batch and flow systems.

f Comparison of CE of CALB in flow systems with various “interphase” thicknesses.

g Comparison of CE of CALB in flow systems involving enzyme@IP of various sizes.
Batch reaction conditions: 6 mL aqueous enzyme solution (1.2 mg mL™ of protein;
pH=7.4,0.05M), 3 mL ethyl acetate containing cyclooctene (0.5 mol L™) and H,0,
(0.5mol L™), 35 °C, and 500 rpm. Continuous flow reaction conditions: 9 mL
enzyme@IP (containing 7.2 mg of CALB), 0.5 mol L cyclooctene, and 0.5 mol L™
H,0, in ethyl acetate as the mobile phase, with a flow rate of 1 mL h™* for Fig. 3c and
that of 3 mL h™* for Fig. 3f, g. Residence time: 3 h (Fig. 3c); 1h (Fig. 3f, g).

Next, we examined how the “interphase” thickness and the size
of the enzyme@IP influenced its catalysis efficiency. Under the same
reaction conditions, the catalytic performance of CALB in the
continuous-flow system differed considerably for “interphase” sys-
tems with various differing thicknesses (Fig. 3f and Supplementary
Fig. 13). With an increase in the “interphase” thickness from 120 to
170, 320, and then 620 nm, the cyclooctene conversions at steady
state conditions decreased from 99% to 85%, 82%, and finally 72%,
respectively. Concurrently, the CEs of CALB was estimated to
decrease from 118 to 101, 97, and 85 mol mg™ min™, respectively.
This decreasing trend was attributed to the reduced permeability
resulting from the increased “interphase” thickness, which was
consistent with our aforementioned fluorescent experimental
results (Supplementary Fig. 9). Moreover, the size of enzyme@IP
also affects the observed CE. As the diameter of enzyme@IP
increased from 36 to 52, 72, and 103 um (Supplementary Fig. 14), the
cyclooctene conversions at steady state decreased from 89% to 85%,
77%, and 65%, respectively. Similarly, the CEs of CALB decreased
from 106 to 101, 91, and 77 mol mg™ min, respectively (Fig. 3g and
Supplementary Fig. 15). The CE observed as a function of the enzy-
me@IP size can be explained by the fact that increasing the size
reduces the “interphase” surface area of the enzyme@IP.

Enhanced enzyme stability at the water—oil “interphase”

To further showcase the advantages of enzyme@IP, we conducted a
comparative analysis of the catalytic performance among three dis-
tinct immobilized enzyme catalysts: water-enriched enzyme@IP
(water is referred to as physiological water, pH=7.4, 0.05M PBS),
water-free enzyme@IP, and the traditional immobilized enzyme cata-
lyst where CALB is adsorbed into the pores of porous silica micro-
spheres (Fig. 4a). With the same enzyme loading in the three systems,
the cyclooctene conversion in the water-enriched enzyme@IP
remained >99% after 200 h of continuous-flow reaction (Fig. 4b).
However, the water-free enzyme@IP retained its catalytic activity only
in the first 20 h, but the conversion then significantly declined as the
reaction progressed further. After 200 h of continuous flow, the
cyclooctene conversion had decreased down to 58%. Similarly, for the
system where the enzyme was adsorbed in the pores of silica micro-
spheres (in the absence of physiological water environment), the
cyclooctene conversion was only maintained at -43% after 200 h.
Based on the conversions seen after 200 h of continuous flow, the CEs
of CALB in these three systems were estimated to be 76, 45, and
33 mol mg™ min, respectively (Fig. 4c). These results revealed that the
presence of physiological water within enzyme@IP plays an important
role in enzyme stability and activity.
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continuous-flow systems. d Fluorescence spectra of CALB in phosphate buffered residual enzyme activity between hydrophilic and hydrophobic “interphase” after
saline (PBS) and ethyl acetate (EA), both containing 0.5 mol L™ H,0,, before and 12 h incubation in H,0, solutions with varying concentrations from 0.5 to 1, 2 and
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In order to demonstrate the promoting effect of the aqueous
environment on enzyme stability, we compared the structural changes
of enzymes after 24 h of treatment in a PBS and in an organic phase
(ethyl acetate, EA), with both media containing 0.5 mol L™ H,0,. It has
previously been demonstrated that tertiary structural changes of
proteins can be determined by monitoring the intrinsic fluorescence at
280 nm®°. The fluorescence spectra of the CALB in the PBS and EA
differed noticeably (Fig. 4d). The maximum emission wavelength
remained virtually unchanged after being left in PBS for 24 h, whereas
CALB exhibited a considerable red shift when exposed to the EA for the
same duration. This observation was consistent with previous results
that in an aqueous environment, enzymes maintain their conformation
through interactions with water molecules”***“2, In contrast, under
identical high H,0, concentration conditions, the absence of a suffi-
cient protective hydration shell around enzymes in organic solvents
renders them more susceptible to structural perturbation and deacti-
vation. An additional experiment was conducted to further confirm
this point by examining changes in circular dichroism (CD) spectra of
CALB in three different solutions: PBS, a mixture containing 33%
volume fractions of PBS in EA, and pure EA, respectively (all solutions
contained 0.5 mol L™ H,0,). Figure 4e shows the CD spectra of CALB
after 24h in these treatments. As the organic solvent content
increased, the CD spectrum changed more dramatically. Furthermore,
the secondary structure elements of CALB were analyzed (Fig. 4f, the
method is provided in the Supplementary Method 2). Initially, in PBS,
the secondary structure of CALB consisted of 4% a-helices, 49% S-
sheets, 23% S-turns, and 26% random coils. However, after treatment
with 33% (v/v) PBS in EA, significant alterations were observed in all
secondary structure elements of CALB. Specifically, after treatment in
pure EA, the structural composition shifted to 14% a-helices, 32% -
sheets, 21% pS-turns, and 33% random coils. This evidence further
underscores the importance of aqueous environments in maintaining
enzyme structure and reaction activities.

In addition to the positive effect of the aqueous environment
within the enzyme@IP on the enzyme stability, the hydrophobic pores
in the “interphase” also play a crucial role in regulating H,0, diffusion.
Raman spectra were used to investigate the diffusion process of H,0,
from the oil phase to the “interphase” and water phase. In this experi-
ment, H,0,, initially present in the oil phase, was observed to sponta-
neously enter the water phase. Within a short period of 45s, HO, was
detected at both the “interphase” and in the water phase (Supplemen-
tary Fig.16). At a subsequent time of 60 s, the Raman intensity of H,O, in
the water phase gradually increased, indicating an accumulation of
H,0, within the enzyme@IP. Notably, after 75 s, the Raman intensity of
H,0, in the water phase (-42) consistently surpassed that observed at
the “interphase” and in the oil phase region (-14 and ~17, respectively),
and in particular with “interphase” showing the lowest intensity
(Fig. 4g). These results demonstrate that the hydrophobic pores at the
“interphase”, combined with the water-oil microenvironment, sig-
nificantly impact enzyme performance in olefin epoxidations. The
hydrophobic methyl groups inside the pore channels make it difficult
for H,0, molecules to stay within them while diffusing from the oil
phase (Fig. 4h). However, owing to the high solubility in the internal
aqueous environment, H,O, molecules easily pass through the channels
and accumulated in the water environment. These effects ensure a
lower local concentration of H,O, at the “interphase”, protecting the
enzyme from deactivation, despite ensuring a relatively higher con-
centration of H,0, in the aqueous interior.

To further investigate the role of “interphase” hydrophobicity, four
different “interphase” systems were prepared using various organosi-
lanes: TMOS, a 1:1 molar mixture of TMOS and MTMS, MTMS, and a 1:1
molar mixture of MTMS and OTMS. The corresponding water contact
angles of these “interphase” systems were measured to be 46°, 86°, 117°,
and 129°, respectively (Fig. 4i). As the “interphase” hydrophobicity
increased, the relative water content within enzyme@IP progressively

decreased, from 64% to 45%, 15%, and 13%, respectively (Supplementary
Fig. 17). This result suggests that a more hydrophobic interphase effec-
tively reduces water retention within the porous of “interphase”, which
not only maintains a suitable aqueous microenvironment for enzyme
activity but also helps regulate the local concentration of H,0,, thereby
minimizing undesired enzyme inactivation. We next examine how
“interphase” hydrophobicity affects enzymatic catalytic performance.
The enzyme@IP prepared with the more hydrophilic TMOS showed an
average substrate conversion of only 31% during the first 30 h of con-
tinuous flow, which progressively decreased to <10% after 60 h of con-
tinuous operation (Supplementary Fig. 18), indicating poor enzyme
stability likely due to higher local water content, resulting in excessive
exposure to H,0,. In contrast, incorporation of MTMS into TMOS (1:1
molar ratio) increased the “interphase” hydrophobicity and lowered
water content, allowing the conversion to remain around 86% after 60 h
of continuous operation, demonstrating a marked improvement in
enzyme performance. Notably, enzyme@IP formed with MTMS alone or
with an MTMS/OTMS mixture maintained conversions above 98% over
the same period. Based on the conversions after 60 h of continuous flow,
the enzyme CEs were estimated to be 7, 66, 76 and 77 mol mg™ min™,
respectively (Fig. 4i). These results highlight the critical role played by
the hydrophobic “interphase” in retaining enzyme activity and pro-
moting catalytic stability.

To further validate the protective effect of hydrophobic “inter-
phases”, we compared the residual activity of enzymes immobilized
within hydrophilic and hydrophobic “interphases”, which were prepared
using TMOS and MTMS as the respective organosilanes. Both systems
were pre-incubated in varying concentrations of H,0, for 12 h and sub-
sequently transferred to column reactors for continuous-flow enzymatic
olefin epoxidation under the same reaction conditions to assess residual
activity. As displayed in Fig. 4j and Supplementary Fig. 19, as the H,0,
concentration increased from 0.5 to 1, 2, and 4 mol L1, residual enzyme
activity in the hydrophilic “interphase” decreased significantly from 52%
to 45%, 35% and 15%, respectively. In contrast, enzymes in the hydro-
phobic “interphase” retained over 99% residual activity even at 4 mol L™!
H,0,. These results highlight the critical role of “interphase” hydro-
phobicity in enhancing enzyme stability against H,O,-induced deacti-
vation. In addition, to investigate how “interphase” hydrophobicity
influences the interaction between enzyme active sites and substrates,
we evaluated the kinetic parameters, including the apparent Michaelis
-Menten constant (K),,), maximal reaction rate (V,,4,, representing the
reaction rate when the enzyme active sites are saturated with substrate)
and the apparent turnover number (k.,), under continuous-flow con-
ditions, obtained at various levels of hydrophobicity of the “interphase”.
Figure 4k and Supplementary Fig. 20 show that increasing the water
contact angle of “interphase” from 46° to 86° and further to 117° and 129°
resulted in a progressive decrease in K, (from 0.21 to 0.18, 0.13, and
0.12 M). This suggests an enhanced substrate affinity. Simultaneously,
Vinax increased from 0.017 to 0.046, 0.074 and 0.091 M min1, and k.,
rose from 0.47 x10° to 1.28 x 10, 2.06 x 10°, and 2.53 x 10°min~%, indi-
cating improved catalytic efficiency. These results confirm that the
hydrophobic “interphase” not only protects enzyme stability but it also
facilitates substrate accessibility and binding, thereby enhancing the
overall enzymatic performance in olefin epoxidation.

Substrate scope and durability

Various olefins were examined, including cyclooctene, cyclohexene,
styrene, 1-heptane, 1-octene, and a-pinene (Fig. 5). For all of the investi-
gated substrates, the conversion gradually increased to >80% with time
and then leveled off, reaching a steady state. In the case of cyclooctene,
the continuous-flow system showed good stability after 800 h without
substantial catalyst deactivation. Over this long period, the cyclooctene
conversion was maintained at ~98.5% with a flow rate of 1 mL h™ (Fig. 5a).
The productivity of CALB, defined as the grams of accumulated epoxide
produced per gram of enzyme, is calculated to be 6.9 x10°gg™, far
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Fig. 5 | Continuous-flow enzymatic epoxidation of various olefins.
acyclooctene, b cyclohexene, ¢ styrene, d 1-heptane, e 1-octene, and f a-pinene. For
Fig. Sa—c, the reaction was performed using enzyme@IP prepared with 5.1 mL PBS
(0.05M, pH 7.4) and 0.9 mL CALB solution (8 mg mL™ of protein). The mobile
phase consists of 0.5 mol L™ olefin and 0.75 mol L™ H,0, in ethyl acetate, flow

Time on stream (h)

Time on stream (h)

rate=0.8 -1 mLh™, 35°C. For Fig. 5df, the reaction conditions were the same as in
Fig. 5a, except that the volume of enzyme@IP was doubled and 0.75 mol L™ n-
octanoic acid was added to the mobile phase. Additionally, for Fig. 5f (a-pinene
epoxidation), 0.5 g of Na,HPO4 was added into internal aqueous phase of enzy-
me@IP. Residence time: 3-3.8 h (Fig. 5a—-c); 6-7.5 h (Fig. 5d-f).

exceeding the best results currently possible with the existing methods.
Moreover, the enzyme@IP demonstrates superior H,0O, tolerance
compared to these established methods (Supplementary Table 1),
Furthermore, the morphology and size of the enzyme@IP remained
virtually unchanged, as shown in the SEM image (Supplementary Fig. 21).
The retention of CALB within the water-oil “interphase” after 120 h of
continuous flow was determined to be 98%, based on N content mea-
surements (Supplementary Table 2). Cyclohexene and styrene were also
converted into the corresponding epoxide, with conversions exceeding
98% and 80%, respectively, maintained over a runtime period of 400 h
(Fig. 5b, ¢). Due to the lower epoxidation reactivity of long-chain alkenes
with peracids®, additional n-octanoic acid was introduced into the
reaction feed to enhance the epoxidation performance. During 400 h of
continuous operation, the conversions of 1-heptene and 1-octene
reached 90-99% and 79-83%, respectively (Fig. 5d, e). Moreover, a-
pinene was also efficiently converted into the corresponding products
with conversions >99% over 400 h of stream time (Fig. 5f). For a-pinene,
in addition to the introduction of n-octanoic acid, a saturated Na,HPO,
solution was used instead of PBS in the enzyme@IP to maintain an
appropriate pH and prevent epoxide ring-opening, thereby ensuring
high conversion and product stability. The products were easily
obtained after the evaporation of ethyl acetate and were subsequently
confirmed using gas chromatography/mass (GC-MS) spectrometry
analysis and '"H NMR spectrometry (Supplementary Figs. 22, 23). These
findings highlight the durability and high level of productivity of enzy-
me@IP. In addition, the scalability of enzyme@IP up to a 200 mL pre-
paration scale and its storage stability were investigated, further
demonstrating its suitability for practical applications (Supplementary
Fig. 24). We next extended the enzyme@IP to a different type of enzy-
matic reaction, using aldo-keto reductase (AKR) to catalyze the enan-
tioselective reduction of ketones (Supplementary Fig. 25). The reaction
maintained an enantiomeric excess (e.e.) greater than 99% and a con-
version above 85% over 450 h of continuous operation. The results fur-
ther demonstrate the general applicability of the enzyme@IP system.

Discussion

We have successfully developed an efficient method for immobilizing
enzymes while maintaining high reactivity and long-term stability even
under harsh reaction conditions. The key to the success of the method
is the construction of a porous, hydrophobicity-tunable, and enzyme-
incorporated “interphase” between water and oil phases, based on
utilizing Pickering emulsions. On a crude level, this design mimics the
cell membrane to some extent, where enzymes not only maintain their
native activity due to contact with a physiological aqueous environ-
ment but also are able to easily access the substrates residing in the oil
phase. The hydrophobic pores in the “interphase” allow for control
over the local concentration of H,0, at the “interphase” and thereby
protect the enzyme from deactivation. More importantly, this “inter-
phase” reaction system is well suited to use in continuous-flow cata-
lysis, particularly in enzymatic olefin epoxidation. Employed as such,
the method achieves CE values up to 16-fold higher than those of free
enzymes in batch reactions. With demonstrated durability of 800 h
under continuous operation and 99% H,0, utilization efficiency, the
technique represents a significantly more efficient and yet practically
feasible enzymatic epoxidation method. Furthermore, by engineering
different sizes and thicknesses of “interphase”, we were able to reg-
ulate their catalytic efficiency, even enabling controllable reactions at
microscale. We believe our approach here establishes a robust plat-
form for advancing the use of continuous-flow enzymatic reactions.

Methods

General procedure for preparing enzyme@IP

Typically, 1mL of oil phase (n-octane) containing silica emulsifier
(40 mg) was added into 2 mL enzyme solution (1.2 mg mL™ of protein;
pH =7.4, 0.05 M). After vigorous shearing of the mixture at a speed of
3500 rpm for 1 min by a homogenizer, a W/O Pickering emulsion was
generated. Afterwards, the resulting Pickering emulsion was dispersed
into 16 mL n-octane containing a given amount of organosilane (e.g.,
MTMS, 4.4 mmol), as well as 13.2 mmol CH3(CH,)sNH,. The mixture
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was rotated on a rolling apparatus at 50 °C for 12 h. Then, the above n-
octane phase was removed. The solid materials were washed with n-
octane for several times. The materials so obtained were re-dispersed
in n-octane for the subsequent packing into a column reactor.

Continuous-flow enzymatic olefin epoxidations

Typically, a suspension of enzyme@IP in n-octane was poured into a
column reactor with an inner tube diameter of 2 cm. The column was
equipped with a sand filter at its bottom, having a pore diameter
ranging from 4.5 to 9 um. Subsequently, a mobile phase solution
consisting of 0.5 mol L™ of olefins, 0.5 mol L™ of H,0,, and 0.5mol L™
of n-octanoic acid (if required) dissolved in ethyl acetate was prepared.
This solution was pumped through the inlet of the column reactor at a
predetermined flow rate and allowed to pass through the reactor. The
reactor column was maintained at a constant temperature of 35 °C.
During the reaction, samples of the outflow were collected at suitable
intervals for GC analysis. The presence of the product was further
confirmed with GC-MS and 'H NMR.

Data availability

All data underlying this study are available from the corresponding
author upon request. The data for Figs. 2-5 generated in this study are
provided in the Supplementary Information/Source Data file. Source
data are provided with this paper.
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