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Thermoresponsive Pickering high internal phase emulsions
(HIPEs) as controllable scaffolds for efficient biocatalysis.
Ultrahigh-surface-area Pickering HIPEs were stabilized

by Candida antarctica lipase B immobilized on modified
starch particles, which simplified the separation and reuse

processes and significantly improved the catalytic efficiency.
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The field of biocatalysis is expanding owing to the increasing demand for efficient low-cost green chemical
processes. However, a feasible strategy for achieving product separation, enzyme recovery, and high
catalytic efficiency in biocatalysis remains elusive. Herein, we present thermoresponsive Pickering high
internal phase emulsions (HIPEs) as controllable scaffolds for efficient biocatalysis; these HIPEs
demonstrate a transition between emulsification and demulsification depending on temperature. Ultra-
high-surface-area Pickering HIPEs were stabilized by Candida antarctica lipase B immobilized on starch
particles modified with butyl glycidyl ether and glycidyl trimethyl ammonium chloride, thus simplifying
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Accepted 6th June 2022 the separation and reuse processes and significantly improving the catalytic efficiency. In addition, the
switching temperature can be precisely tuned by adjusting the degree of substitution of the modified

DOI: 10.1035/d25c01746¢ starches to meet the temperature demands of various enzymes. We believe that this system provides
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Introduction

Enzymes, which are natural biocatalysts with high specificity
and high efficiency, are widely used in biotechnology and
industry and have achieved great success in catalysing the
production of essential compounds under mild and sustainable
conditions.'” In general, enzymatic catalysis mainly occurs at
the oil/water interface because enzymes need an aqueous
environment for their activities, whereas most substrates are
oil-soluble.*” Therefore, enzymes are often used in two-phase
organic solvent/water systems. However, the reaction rate and
efficiency obtained by such systems are extremely limited by the
interface area and mass transfer resistance.*® Furthermore,
high-speed shear stirring and long-term exposure to the oil/
water interface lead to irreversible denaturation and inactiva-
tion of enzymes."

To address these limitations, Pickering emulsions, which are
stabilised by colloidal particles, are emerging as an innovative
platform for enhancing the biocatalytic process in biphasic
systems because of their advantageous properties, such as large
interfaces, short molecule diffusion distances, and low toxicity
of particles.” " Yang et al. used a Pickering emulsion stabilized
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a green platform for various interfacial biocatalytic processes of industrial interest.

by lipase-immobilized alginate gel microparticles coated with
silanized titania nanoparticles for biphasic catalysis.'* Not only
did this catalytic system exhibit good circulation ability, but the
emulsion also exhibited good storage stability. By adding
a small amount of a solid-particle emulsifier, Wei et al. con-
verted a traditional biphasic enzymatic reaction into an oil-in-
water Pickering emulsion system that did not require stirring
and having a large reaction interface area and short molecular
distance.” The Candida antarctica lipase B (CALB)-catalyzed
kinetic resolution hydrolysis of racemic esters showed better
reaction efficiency and enantioselectivity in this system than in
the traditional two-phase system. Clearly, Pickering emulsions
play a positive role in enzyme catalysis. However, once the
reaction is complete, the processes of separating and recircu-
lating the enzyme, usually centrifugation and filtration,
respectively, are required. These processes are time-consuming
and can lead to enzyme depletion and inactivation because
Pickering emulsions containing a dense layer of particles at the
interface are extremely stable.”®?° In addition, product separa-
tion and emulsion recovery remain problematic.**** Thus, for
sustainable and green biocatalysis in Pickering emulsions,
efficient separation of products, recycling of catalysts, and
recovery of emulsions are the major objectives.”

Fortunately, recently developed ‘smart emulsifiers’ that
respond to external stimuli, such as pH,”™>* temperature,>>*
light*” and chemicals,?®**° enable on-demand switching control
of emulsification and demulsification, thus facilitating the
separation and recovery of catalysts and making the process
more sustainable and environment-friendly. For example, Li
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et al. designed a light-responsive Pickering emulsion stabilised
by silica microspheres functionalized with surface-loaded Pd
and an azobenzene-based ionic liquid surfactant. This system
can switch between emulsification and demulsification in
response to UV and visible light, successfully simplifying the
process of product separation and catalyst recovery.**
Compared to traditional catalysts, biocatalysts have certain
advantages; for example, they can catalyse reactions at room
temperature and normal pressure, can achieve high reaction
rates, and are available at lower prices. The main disadvantage
of biocatalysts is that they are vulnerable to external conditions,
such as the temperature and pH range of the reaction.**** For
successful biocatalysis, in addition to controllable switching
properties, it is necessary to ensure the activity and stability of
enzymes when stabilization/destabilization occurs. Therefore,
relatively mild external stimuli must be considered while
designing recyclable biocatalytic systems to ensure high effi-
ciency when applied in reaction cycles.

High internal phase emulsions (HIPEs), usually defined as
highly concentrated emulsions in which the volume fraction of
the internal phase exceeds 0.74,** have shown exceptional
performance in applications like porous materials,*¢
templates for gels,®” and nutraceutical containers®**® owing to
their unique structure and high internal phase ratio. In theory,
biocatalysis in an HIPE system should be more efficient than
that in a conventional emulsion system because of the consid-
erably large specific surface area of HIPEs.** However, there
have only been a few reports on enzymatic catalysis based on
HIPEs in recent years. This is probably due to the high visco-
elasticity of HIPEs and the extreme difficulty in separating
enzymes and products from the reaction mixture using
a straightforward and basic method like centrifugation and
filtration.*>"*> Moreover, centrifugation is a popular method for
preparing HIPEs in many cases, rather than an ideal demulsi-
fication method.**** The bridging effect of emulsifier particles
and the cross-linking networks of HIPEs also increase the
barriers to demulsification, thus making relatively mild
methods ineffective without any strong external interference,
such as the addition of an acid or a base.***® However, drastic
changes in the external environment will make it difficult to
ensure enzyme activity. Therefore, although HIPEs show
potential for application in biocatalysis, triggering HIPEs for
on-demand demulsification remains challenging.

It would be of great significance for the field of biocatalysis if
stimulus-responsive Pickering HIPEs could be constructed to
simplify the separation and reuse processes, while simulta-
neously improving the catalytic efficiency. To the best of our
knowledge, no related report has been published to date.
Herein, we present a switchable Pickering HIPE as a control-
lable scaffold for efficient biocatalysis, which shows a transition
between emulsification and demulsification depending on
temperature (Scheme 1). Such thermoresponsive Pickering
HIPEs are stabilized by Candida antarctica lipase B (CALB)
immobilized on starch particles modified with butyl glycidyl
ether (BGE) and glycidyl trimethyl ammonium chloride (GTAC).
The main purpose of using BGE modification is to endow starch
particles with thermoresponsive properties based on the
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reversible change in the hydrogen bond and solvation shell of
the 2-hydroxy-3-butoxypropyl groups at different tempera-
tures.” The introduction of GTAC makes the starch particles
positively charged and allows them to bind tightly with CALB via
electrostatic forces. We used electrostatic interactions rather
than covalent bonding to immobilize the enzymes to protect the
enzyme structure from damage. Immobilizing lipase on starch
particles has two main purposes: one is to make lipase adsorbed
with starch particles at the interface to shorten the mass
transfer distance and improve biocatalytic efficiency; the other
is to simplify the reuse of the enzyme by fixing lipase on starch
particles. In addition, starch is a green natural biopolymer that
is an ideal candidate for biocatalysis because of its biodegrad-
ability, drivability, high availability, and low cost.*®

Experimental

Experimental procedures and characterization data are

provided in the ESLf

Results and discussion

The synthesis and "H NMR and FT-IR characterisations of the
starch-based particles are described in the ESI (Fig. S1 and S21).
Both FT-IR and "H NMR spectra confirmed that BGE and GTAC
were successfully bonded to the starch molecules by ether-
ification. The introduction of BGE and GTAC not only func-
tionalized the starch particles but also improved their
hydrophobicity, which allowed them to adsorb at the interface
to stabilize the emulsion; natural starches are strongly hydro-
philic owing to the presence of a large number of hydroxyl
groups (Fig. S3t1). We synthesised modified starches with
different degrees of substitution (DS) and named them StBG-n.
The details are presented in Table S1.t We consider StBG-3 as
an example in the following discussion.

The modified starch (StBG-3) was dispersed in water at
a concentration of 1 wt% and mixed with the same volume of
50 mM Tris-HCI at room temperature (25 °C). A colloidal starch
particle dispersion solution was obtained by the electrostatic
interaction between StBG and trometamol. The morphology of
the obtained colloidal particles is shown in Fig. 1a, and the
average diameter was 275 nm, as determined by dynamic light
scattering (Fig. 1b). A gel-like emulsion was then obtained by
homogenizing the dispersion with eight times the volume of
hexane. The results of conductivity measurements (¢ = 6.47 S
m~") and drop test experiments showed that StBG particles
successfully stabilized the o/w Pickering HIPEs with an oil-
: water ratio of 8 : 2. The emulsion droplets presented a special
irregular polyhedral shape (Fig. 1c) owing to the extrusion of
droplets, with the volume of the inner phase exceeding the
maximum packing density. This is an obvious characteristic of
HIPEs.*® Rheological characterization of HIPEs showed that the
storage modulus was higher than the corresponding loss
modulus in the test frequency range of 0.1-100 rad s, indi-
cating that the prepared emulsions exhibited elastic or solid-
like behaviour and confirmed the formation of the gel
network (Fig. 1d).*®
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Scheme 1 Schematic of thermoresponsive Pickering high-internal-phase emulsions (HIPEs) stabilised by lipase-immobilised starch particles
applied to recycle interfacial biocatalysis. Included in the diagram are the modification method and chemical structure of starch (St) with butyl
glycidyl ether (BGE) and glycidyl trimethyl ammonium chloride (GTAC), represented by StBG, lipase immobilisation (Candida antarctica lipase B
[CALBI), temperature-switchable HIPEs (emulsification/demulsification), and the biocatalysis, product separation and lipase recovery processes.

As expected, the prepared Pickering HIPEs exhibited excel-
lent thermoresponses. Specifically, the emulsion state was
maintained at low temperatures and was immediately demul-
sified after heating to a certain temperature; this process was
completely reversible (Fig. 2a). After ten cycles, stable gel-like
HIPEs could still be obtained, and the size and microstructure
of the emulsion did not change significantly (Fig. S4t). As sta-
bilisers, StBG particles play an important role in the switching
process of the Pickering HIPEs. The hydrogen bonds between
the modified starch macromolecules and the water molecules
were strengthened or weakened in response to the changing
temperature (Fig. S57), which corresponded to the transition of
the interfacial activity of the StBG particles. This behaviour was
verified by the change in the water/hexane interfacial tension at
different temperatures (Fig. 2b and c). Compared to the pure

water/hexane interface, the addition of StBG particles signifi-
cantly reduced the interfacial tension at lower temperatures.
However, the effect of StBG particles on reducing this interfacial
tension became weaker with increasing temperature, until the
interfacial activity was almost completely lost (from 4.40 mN
m ' at 5 °C to 36 mN m™ ' at 60 °C). As the temperature
increased, the hydrogen bonds between the modified starch
and the water molecules were weakened, and the solvated layer
was destroyed, resulting in aggregation of the StBG particles
(Fig. 1a, b and S6f) and the inability to be adsorbed at the
interface. Therefore, the switching ‘on’ and ‘off’ of emulsion
was closely related to the phase transition behaviour of StBG
particles (Fig. 2d and e). Specifically, emulsions stabilized by
StBG particles can be emulsified at temperatures below the
lower critical solution temperature (LCST), partially demulsified

b —— SBG-3 at 25 1'(d, g0 = 275 )
—— StBG-3 at 50 T'(dyyurnge = 789 )

c
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(a) Microscopic appearance of StBG-3 at 25 °C (T < lower critical solution temperature [LCST]) and 50 °C (T > LCST) observed by field

emission scanning electron microscopy. (b) Size distribution of StBG-3 at different temperatures determined by dynamic light scattering. The
sample concentration was 0.5 wt% and the dispersion medium was 50 mM Tris—HCl buffer. (c) Photograph and laser confocal images of HIPEs
stabilised by 0.5 wt% StBG-3 with a water/oil (water/hexane) ratio of 2 : 8. Details of the homogenisation are given in the ESI.T Scale bar: 50 um.
(d) The rheological characterization of the HIPEs which was performed at room temperature with a rneometer by a plate—plate mode at varied
frequencies (0.1 to 10 Hz).
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Fig.2 (a) Photographs of the reversible emulsification/demulsification
process of HIPEs stabilised by StBG-3. (b) Time dependence of inter-
facial tension at the water/hexane interface at different temperatures,
in which the aqueous phase contained 0.5 wt% StBG-3 particles. (c)
Equilibrium interfacial tension at different temperatures. (d) Trans-
mittance changes at 500 nm for 0.5 wt% aqueous dispersions of StBG-
3 at a heating rate of 1 °C min~ from 0 to 80 °C. (e) Photographs of
emulsions stabilized by StBG-3 at different temperatures. Unless
otherwise mentioned, all emulsions in this experiment were obtained
at a water/hexane ratio of 2 : 8, emulsifier concentration of 0.5 wt?%,
and homogenization at 1000 r min~ for 120 s.

at a ‘window temperature’, and demulsified at temperatures
above the LCST. The LCST was defined as the temperature at
which the UV transmittance of an aqueous dispersion of
0.5 wt% StBG at 500 nm decreased by 50% during the heating
process. This phenomenon occurred for all StBGs with different
DS values (Fig. S7 and S87). This also enabled the switching of
the emulsion to be quantified and provided an accurate refer-
ence for the prediction of the emulsification and demulsifica-
tion temperatures. Therefore, in this study, we refer to LCST as
the switching temperature. The GTAC group has stronger
hydrophilicity than BGE; therefore, by adjusting the DS of
GTAC, the switching temperature can be precisely tailored to
meet the temperature requirements of various enzymes. The
detailed results are summarised in Table S1.7 Pickering HIPE as
a biocatalytic support is also crucial for ensuring that the
enzyme is not damaged during the entire process and that it
maintains a high-activity state. In this study, we used StBG-3 as
a stabiliser and CALB as a biocatalyst to investigate the specific
performance of thermoresponsive Pickering HIPEs in bio-
catalysis. In this study, starch particles with and without
enzymes were named StBG and lipase@StBG, respectively.

The quaternary amine groups derived from GTAC on the
StBG colloidal particles provided a strong positive electrostatic
charge, and the zeta potential of the particles was maintained
above +30 mV between pH 3 and 11. On the other hand, CALB

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was electronegative at pH 7.4 (—4.5 mV). Therefore, CALB
readily combined with the quaternary amine groups owing to
electrostatic interactions (Fig. 3a). Therefore, lipase@StBG was
obtained by dissolving a certain amount of CALB (0.5 mg mL™")
in a dispersion of StBG particles in 50 mM Tris-HCI buffer (pH
7.4). Note that HIPE is a tightly packed structure (Fig. 1c) and it
is difficult to observe the distribution of lipase in the emulsion
(adsorbed at the interface with starch particles or dispersed in
the aqueous phase). Therefore, in order to more clearly observe
and confirm the distribution of lipase in the emulsion, we
designed a group of control experiments with the water/oil ratio
of 5:5. Confocal laser scanning microscopy (CLSM) of the
emulsions stabilized by fluorescent-labelled lipase@StBG
showed that most of the enzymes were adsorbed at the o/w
interface (Fig. 3b). As a control, emulsions stabilized by
starches modified only with BGE (StB) which were electroneg-
ative at all pH levels (Fig. S91), and CLSM showed that the
enzymes were completely dispersed in the aqueous phase
(Fig. S107). This phenomenon indicated that lipase CALB was
indeed immobilized on the StBG particles and that the enzyme
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Fig.3 (a) Zeta potentials of 0.5 wt% StBG-3 aqueous dispersions at pH
3-12 and 0.5 mg mL~! CALB at pH 7.4 measured by electrophoretic
light scattering at 25 °C. (b) Confocal laser scanning microscopy
images of emulsions stabilised by fluorescent-labelled lipase@StBG-3;
the w/o ratio was 5 : 5. (c) Hydrolysis conversation rate of hexyl hex-
anoate for different biocatalytic systems; the ratios within parentheses
represent the water/oil ratios. (d) Specific activities of lipase under the
five conditions shown in (c), which were measured within 30 min. (e)
Visual depiction of the recyclable route for biocatalysis; the aqueous
phase was a lipase@StBG dispersion containing 0.5 mg mL~ of CALB
and 0.5 wt% of StBG-3; the organic phase was composed of solvent
(hexane) and substrate (100 mM hexyl hexanoate). (f) Chart of the
conversion due to hydrolysis (green) and specific activity of lipase (red)
for every cycle of biocatalysis illustrated in (e).
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was also fixed to the interface when the particles stabilized the
emulsions. Compared with StBG, the temperature responsive-
ness of lipase@StBG was not affected, except for its larger size
(Fig. S11 and S127). This may be due to electrostatic interactions
that facilitate aggregation of StBG, but do not affect the emul-
sification and demulsification of the Pickering HIPEs. This was
because the amphiphilicity of the particles was not significantly
changed by lipase.

Subsequently, the biocatalytic performance of lipase@StBG
in o/w Pickering HIPEs with a water/hexane ratio of 2 : 8 was
investigated using the hydrolysis of hexyl hexanoate [lipa-
se@StBG (2 : 8)]. Four other systems were examined as refer-
ences. First, free lipase was dissolved in water and mixed with
eight times the volume of the hexane-containing substrate by
continuous stirring for biphase interfacial catalysis [free lipase
(2 : 8)]. Second, a free lipase solution with an equal volume of
hexane was added to the conventional emulsions stabilized
with the anionic surfactant sodium dodecyl sulfate (SDS) [lipase
+ SDS (5 : 5)]. Third, lipase@StBG particles were used to stabi-
lize ordinary Pickering emulsions at a water/hexane ratio of 5 : 5
[lipase@StBG (5 : 5)]. Fourth, free lipase was dissolved in the
aqueous phase of Pickering HIPEs stabilized by St-BGE (no
immobilized enzyme) [lipase + StB (2 : 8)]. Except for the free
lipase system, which required stirring, all other systems were
left standing at room temperature (25 °C), and the lipase and
substrate concentrations were the same. Fig. 3c shows the
conversion rates of reactants to products in the five cases. All
other systems had significantly higher conversions than the free
lipase (2 : 8) system, even though they were unstirred and had
lower o/w ratios [lipase + SDS (5 : 5) and lipase@StBG (5 : 5)]. In
emulsions stabilized by surface-active molecules (e.g. surfac-
tants or polymers), one of the phases is divided into
micrometre-sized droplets dispersed within the other incom-
patible liquid, which dramatically increases the interfacial area
available for chemical reactions compared to typical two-phase
systems. Therefore, agitation is unnecessary because each
droplet acts as a microcompartment that enhances the inter-
action between the catalyst and reactant. Among the afore-
mentioned emulsions, the systems with the enzyme
immobilized on the stabilizer performed better in interfacial
biocatalysis, with higher reaction rates and conversions. This
indicated that lipase was adsorbed at the interface with the
stabilizer, which simultaneously reduced the mass transfer
distance and enhanced the reaction rate. Moreover, owing to
the high specific surface area supported by HIPE, the conver-
sion in the lipase@StBG (2 :8) system reached 80% within
2.5 h, which was significantly greater than those in other
systems. The results showed that immobilizing the enzyme on
the stabilizer particles and increasing the volume fraction of the
internal phase are effective methods for enhancing catalytic
activity in emulsion biocatalysis systems. Further evidence for
the same was provided by the specific catalytic activity of the
lipases, as shown in Fig. 3d. Specifically, the specific activity of
the Pickering HIPEs system in which the enzyme was fixed on
starch particles was 10.8867 U mg ™', which was 16, 14, 5.7, and
4.7 times greater, respectively, than those in the common
emulsion system (lipase + SDS), typical two-phase systems (free
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lipase), the Pickering non-HIPE system with enzymes immobi-
lized on starch particles (lipase@StBG), and the free enzyme
Pickering HIPEs system (lipase + StB).

To reveal the facile separation and recyclability of thermor-
esponsive Pickering HIPEs stabilized by lipase@StBG particles,
hydrolysis of hexyl hexanoate in water/hexane Pickering HIPEs
was performed for 10 cycles, as shown in Fig. 3e. The entire
catalytic reaction was performed at 25 °C for 6 h, and the
emulsion was transferred to a water bath at 50 °C when the
reaction reached equilibrium. After demulsification, the
organic phase containing the product was removed directly and
a new substrate was added before emulsification at 25 °C for
another cycle. During the entire cyclic catalytic process, tradi-
tional methods that consume time and energy, such as
centrifugal filtration, are completely avoided. The separation of
products and recovery of lipase-immobilized StBG particles can
only be achieved by changing the ambient temperature.
Notably, after demulsification, CLSM revealed that the enzymes
originally on the interface were preferentially returned to the
aqueous phase (light green) rather than to the organic phase
(dark), which ensured that there was no loss of enzymes during
the cycle (Fig. S137). As shown in Fig. 3f, there was very little
deactivation of lipase immobilized on the StBG particles during
the hydrolysis process. The conversion of hexyl hexanoate was
maintained above 80% in all cycles, and the specific activity of
lipase remained as high as 10.1022 U mg ™" after 10 cycles. The
precise tailoring of the switching temperature not only provides
an ideal catalytic environment for enzymes but also ensures
that enzymes will not be damaged by external stimuli during the
cycle. Moreover, the separation and recovery processes greatly
avoided enzyme loss during cycling.

Conclusions

Herein, we described the construction of enzyme-immobilized
starch particles that stabilize Pickering HIPEs for application
in biphasic biocatalysis. Highly hydrophilic starches were
modified using BGE and GTAC to achieve suitable wettability
and stabilize the target o/w Pickering HIPEs. The prepared
Pickering HIPEs were temperature-responsive and could be
destabilized, enabling the complete separation of the aqueous
and organic phases upon heating. Moreover, these emulsions
could be restored at lower temperatures after homogenization.
The switching temperature can also be precisely tuned by
adjusting the degree of GTAC substitution to meet different
enzyme temperature requirements. Based on these Pickering
HIPEs with on-demand demulsification, lipase-catalysed
hydrolysis of hexyl hexanoate was investigated as a model.
The Pickering HIPEs stabilized by lipase-immobilized starch
particles demonstrated better performance in biocatalysis than
the other systems because they provided a shorter mass transfer
distance and a larger specific surface area. Moreover, the
process of separating products and recovering enzymes was
facile, bypassing traditional energy- and time-consuming
methods, such as centrifugation and filtration. This is
because the thermoresponsive Pickering HIPEs can be easily
triggered to induce demulsification by changing the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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temperature. This high-performance Pickering emulsion
system provides a green platform for various interfacial bio-
catalytic processes of industrial interest.
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