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Biphasic biocatalysis such as the hydrolysis of olive oil and the esterification of octanol with oleic acid were performed in a

CO,/N,-switchable Pickering oil-in-water emulsion stabilized by silica nanoparticles hydrophobized in-situ by a CO,/N,-

switchable surfactant (N,N-dimethyldodecylamine). Compared with biphasic systems, the enzyme in the Pickering
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emulsions displays a higher reaction efficiency, demulsification and recycling of the enzyme can be simply realized by

DOI: 10.1039/x0xx00000x
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Introduction

Enzymes as powerful biocatalysts have attracted a great deal
of attention in environmentally friendly and sustainable
industrial chemistry owing to their overall high chemo-, regio-
and stereo-selectivity under mild conditions.’> However,
widespread applications of enzymes are still limited by the fact
that substrates of interest are usually of low solubility in water,
whereas the enzymes are typically active in water. Thus
enzymatic reactions are often carried out in organic-aqueous
biphasic reaction systems. Unfortunately, conventional
biphasic systems often suffer from low reaction efficiency, due
to a low organic-aqueous interfacial area.*> Furthermore,
long-term exposure of enzymes to the organic solvents used
would lead to their inactivation.®8

Recently, Pickering emulsions stabilized by nano- or micro-
sized colloidal particles offer a promising platform for
conducting interfacial reactions between immiscible
reagents.>32 Appropriate functionalization of the surface of the
particles with catalytic centers can accelerate interfacial
reactions (i.e. Pickering interfacial catalysis (PIC)).% A variety of
nanoparticle catalysts in PIC has been successfully applied in
various organic reactions. For example, Jiang et al. have
recently reported enzymatic catalysis in a Pickering emulsion
with hydrophobic silica nanoparticles.3! It is noticed however
that to date the PIC catalysts are mostly prepared ex situ by
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bubbling with N,/CO,. Moreover, the recycled enzyme still possesses significant catalytic activity.

surface grafting with hydrophobic chains. The wettability of
the particle surfaces depends on the grafting ratio and is fixed
once grafting is finished, which has limited their applications in
large-scale processes. Beside the ex situ coating method,
particles can also be made surface-active by in situ
hydrophobization33-3> so as to be able to stabilize Pickering
emulsions. The latter method, based on the adsorption of ionic
surfactants on oppositely charged particle surfaces, has
advantages that the wettability/surface activity of the particles
can be controlled by selection of the concentration and
structure of the amphiphiles.33 However, PIC catalysts using in
situ hydrophobized particles are rarely reported.

Unlike traditional emulsions stabilized by surfactant or
polymer, Pickering emulsions have a dense layer of particles at
the oil-water interface, which leads to ultra-stable droplets.33
35 This, however, provides an obstacle to liquid/liquid
separation for catalyst recovery or recycle, which has not been
sufficiently addressed yet.1>'4 Appropriate shear forces could
induce coalescence of the Pickering emulsions.3¢
Centrifugation was used to separate the Pickering emulsions
drops from the continuous phase containing the product,317.18
which is not practical for continuous reaction processes.3°
Recently, membrane ultrafiltration was reported to separate
the Pickering emulsion in continuous biocatalysis. 3°

On the other hand, stimuli-responsive Pickering emulsions
developed recently have attracted considerable attention
owing to their long-term stability and smart tunability. 3435 37-46
In these smart systems, the wettability of the particle surfaces
can be easily regulated by external stimuli. Thus,
demulsification or phase inversion of stimuli-responsive
Pickering emulsions, which facilitates the separation of
products and the recycling of enzymes, can be achieved in a
simple way. For example, some stimuli-responsive Pickering
emulsions are designed for enzymatic reactions using ex situ
surface-grafted particles responsive to triggers such as light,*
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temperature,*® pH* and electric potential.*® A different but
simple protocol to prepare Pickering emulsions is to use
commercially available inorganic nanoparticles, such as silica,
hydrophobized in situ3* by physisorption of trace amounts of
oppositely charged responsive or switchable surfactant.?”
Fortunately these Pickering emulsions can also be made
responsive to environmental stimuli, such as pH, temperature,
CO,, specific ion concentration and light irradiation.3> Among
these triggers, the CO,/N, trigger is particularly attractive
because both CO, and N, are inexpensive and environmentally
benign.*® Moreover, CO, and N, show little damage towards
enzymes since they are non-toxic, non-corrosive and can also
be easily removed from the system on demand.

Herein, we report a simple yet powerful strategy for biphasic
biocatalysis in a CO,/N,-switchable Pickering emulsion system.
The emulsions are stabilized by bare silica nanoparticles in
combination with a trace amount of N,N-
dimethyldodecylamine (referred to as DMA), which all are
cheap and commercially available. As shown in Scheme 1, by
loading a lipase (CRL) from Candida rugosa in the aqueous
phase, an enzymatic reaction is performed in the oil-in-water
Pickering emulsion stabilized by silica nanoparticles
hydrophobized in situ by DMA-CO, (ammonium bicarbonate,
cationic). At the end of reaction, the Pickering emulsions are
subjected to demulsification by bubbling N, at room
temperature, which turns DMA-CO, to DMA (neutral). As a
result, the oil phase containing the products can be easily
separated, and the enzyme and silica nanoparticles in the
water phase can be recycled.

Add DMA, and Reactant
Reactant in Oil
Product
Sio,

Surface-active
Nanoparticles

co,

Reaction at 30 °C

Scheme 1. Schematic illustration of the CO,/N, stimulus-responsive
Pickering emulsion for recyclable enzymatic reactions.

Results and discussion

Figure S1 shows the transformation of DMA (insoluble in
water) to positively charged ammonium bicarbonate
surfactant (DMA-CO,, active form, cmmc = 0.6 mM) by exposure
to CO, in water. Reversibly, the bicarbonate can be re-
converted to the amine (inactive form) by bubbling N, or air at
room temperature. The inter-conversion between the inactive
and active forms of DMA can be monitored by conductivity
measurement and *H-NMR (Figures S2 and S3 and Table S1).

2| J. Name., 2012, 00, 1-3

With pure isooctane as oil phase and an oil:water..velyme
ratio of 1:1, the bare silica nanoparticle8qptinary/ darmeteros
20 nm) which are negatively charged at neutral pH (Figure S4)
are too hydrophilic to stabilize emulsions alone. No stable
emulsion was formed by DMA-CO, alone either at
concentrations below 5 mM (Figure S5(a),(b)). However,
Pickering emulsions stable to coalescence were formed when
the particles (0.5 wt.%) were in combination with DMA-CO, at
concentrations well below 5 mM (Figure S5(c), (d)).

In this mixture, silica nanoparticles are hydrophobized in situ
by the cationic surfactant (DMA-CO,) via the electrostatic
attraction between the surfactant head-group and the
negatively charged silica particle surface.333> The zeta
potential of particles progressively reduces in magnitude upon
increasing the surfactant concentration becoming zero around
5 mM (Figure S4). The type of emulsion can usually be
identified by employing staining and dilution.?3 As shown in
Figure S6, here Nile red was used to stain the oil phase and
green emission was observed in the droplets which clearly
confirmed an oil-in-water morphology.

The amount of DMA-CO, adsorbed onto silica surfaces was
quantified by measuring the surface tension of an aqueous
dispersion (with silica nanoparticles (0.1 wt.%)) and comparing
with the surface tension of pure DMA-CO, solution as
calibration. As shown in Figure S7(a), the surface tension of the
dispersion was higher than that of the surfactant solution
alone due to loss of surfactant on particle surfaces. The
calculated adsorbed amount of DMA-CO, on silica increased
upon increasing the initial concentration of surfactant (Figure
S7(b)). Silica particle surfaces become partially hydrophobic as
a result of the formation of a surfactant monolayer on their
surfaces exposing hydrophobic chains to water.?%2° The
surface-modified particles can then adsorb to the oil-water
interface and stabilize oil drops in water. This in situ
hydrophobization of DMA-CO, on silica nanoparticles can be
further monitored by evaluating the change in the wettability
of a negatively charged glass slide (mimic of bare silica particle
surface) immersed in solutions of DMA-CO,. Using the
captured oil droplet method, the contact angle through the
aqueous phase of an oil drop under aqueous surfactant
solution is seen to increase gradually with increasing DMA-CO,
concentration between 0.01 and 0.6 mM (Figure S8). As with
silica nanoparticle surfaces, DMA-CO, adsorbed at the
negatively charged glass slide-water interface via electrostatic
interactions forming a hydrophobic monolayer.

The switchable performance of the Pickering emulsions
stabilized by a mixture of silica nanoparticles and DMA-CO,
was examined, as shown in Figure 1. The emulsion containing
silica (0.5 wt.%) and DMA-CO, (0.6 mM) demulsified
completely after bubbling N, at a steady rate of 100 mL min*
at 25 °C for 40 min. The bicarbonate surfactant (DMA-CO,) was
deprotonated to the neutral state and desorbed from particle
surfaces, rendering silica nanoparticles hydrophilic again
resulting in demulsification. However, a stable emulsion was
re-formed by bubbling CO, through the oil-water mixture at 25
°C for 10 min followed by re-homogenization for 2 min, where
the neutral tertiary amine was protonated again enabling
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adsorption onto silica particle surfaces rendering them
surface-active. It was noticed that the average droplet
diameter (60 um) of the re-stabilized emulsion is similar to
that of the original emulsion (Figure 1(a), (c)).

N,, 25°C

40 min

|

100pm

Figure 1. Photographs (A-C) and corresponding micrographs (a-c) of
isooctane-in-water  Pickering emulsions stabilized by silica
nanoparticles (0.5 wt.%) in combination with DMA-CO, (0.6 mM). (A, a)
Original emulsion, (B, b) after bubbling N, at 25 °C for 40 min, (C, c)
after bubbling CO, through the oil-water mixture at 25 °C for 10 min
followed by re-homogenization for 2 min, one week later.

To verify the performance of the above Pickering emulsions
as an enzymatic reaction medium, a catalytically active lipase
enzyme from Candida rugosa (CRL) was added to catalyze the
hydrolysis of olive oil. Typically, isooctane (4 mL) containing
dissolved olive oil (5 vol.%) and an equal volume of aqueous
phase containing CRL (1 mg/L), silica (0.5 wt.%), and DMA-CO,
of different concentrations were homogenized to form
Pickering emulsions. The Pickering emulsions containing CRL
still exhibit remarkable stability against coalescence, and no
further creaming was observed after 24 h (Figure S10). The
mean droplet diameter of the emulsions in the presence of
CRL was approx. 70 um (Figure S11), and was less dependent
on the surfactant concentration compared with those in the
absence of CRL (Figure S9).

100

. 80f
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Figure 2. Hydrolysis conversion of olive oil (5 vol.%) dissolved in 4 mL
isooctane in contact with 4 mL water with 1 mg/mL CRL in different
systems at 30 °C for 30 min. Average of three measurements. (l)
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Stirring at 600 rpm with nothing else; (ll) stirring and \WithAr?Me%&%

lew

(0.6 mM); (lll) stirring and with silica nanopayticteso@.5 %kt
stirring and with DMA-CO, (0.6 mM) and silica (0.5 wt%); (V) in
Pickering emulsion containing DMA-CO, (0.6 mM) and silica (0.5 wt.%).

A comparison of different systems containing CRL (1 mg/mL)
for the hydrolysis of olive oil was performed at 30 °C for 30
min. As shown in Figure 2, the hydrolysis conversion of the
olive oil in the biphasic system (I) without particles or
surfactant was 71%. However, the conversion decreased to 56
% after DMA-CO, was added as a phase transfer catalyst (ll),
which further decreased to 10% when silica particles (0.5 wt.%)
were added into the biphasic system (lll). It is likely that
certain interactions between CRL and surfactant or silica
nanoparticles lead to denaturation of the enzyme?®->? and
reduction of its catalytic activity. In the biphasic system (IV)
containing surfactant and particles the conversion was also
low (17%), but impressively the conversion reached as high as
91% once the combined system was homogenized to form a
Pickering emulsion (V). Although the average drop size of
Pickering emulsion is larger than that of the traditional
emulsions or micelles, the negative effects of the surfactants
have been significantly inhibited in the Pickering emulsion. The
reason is that the amount of surfactant needed to stabilize the
emulsion decreases significantly in the presence of silica (<<
cmc), and the positively charged surfactants prefer to adsorb
on silica particles surface via electrostatic interaction. As
shown in Figure S4, the zeta potential of the silica particles in
the aqueous phase changes with the concentration of DMA-
CO; due to neutralization of the negative charges on particles
by adsorbed surfactant. The concentration of free ionic
surfactant in the solution is therefore very low and the
electrostatic interactions between surfactant and enzyme are
significantly reduced, which is beneficial for reducing the
damage of the surfactant to the enzyme. Interestingly, when
the oil phase was replaced by either hexane or ethyl acetate,
the hydrolysis conversion (30 min) of the olive oil reach as high
as 90% and 87%, respectively. Therefore, the Pickering
emulsion provides a more suitable microenvironment for
protecting the enzyme from denaturation.

In Pickering emulsions, the location of CRL is critical to its
performance, as CRL is only soluble in the aqueous phase.>3 To
confirm the location of CRL in the Pickering emulsions, the
enzyme was labeled with fluorescein isothiocyanate (FITC). As
shown in Figure 3, the green emission, the obvious fluorescent
signal, was concentrated at the surface of the oil drops
(without olive oil dissolved in) although a weak fluorescent
signal was also observed in the aqueous phase, indicating that
most of the enzyme molecules were transferred to the oil-
water interface by emulsification. A similar image was
observed for the emulsion with olive oil dissolved in the oil
phase (Figure S12). It has been shown in many examples that
lipases can adsorb on hydrophobic supports.>® Therefore, CRL
may adsorb on the surface of the hydrophobized silica
particles with the enzyme active center opened, which permits
the attainment of a high reaction rate in a Pickering emulsion.
Compare with the free dispersion of enzyme in aqueous phase
of the biphasic system (Figure 2, exp. 1), the particle layer
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coated with adsorbed enzyme at Pickering interfaces
maximizes the extent of the liquid-catalyst-liquid interfacial
areas and facilitates mass transfer between the two phases.'”

Figure 3. Fluorescence microscopy image of the Pickering emulsion
(without olive oil in the oil phase) stabilized by a mixture of 0.5 wt.%
silica, 0.6 mM DMA-CO, and 1 mg/mL CRL labelled with FITC.

The effects of various parameters on the hydrolysis
conversion were investigated and are illustrated in Figure 4.
Figure 4(a) shows the difference in dynamic conversion

between the Pickering emulsion (V) and the biphasic system (I).

Although at long time the conversion in the former

100 50 95
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Figure 4. Effect of various factors on the hydrolysis conversion of olive
oil (5 vol.%) at 30 °C. (a) Effect of reaction time in biphasic system (1)
and in a Pickering emulsion (V), (b) effect of surfactant concentration
in Pickering emulsion with 0.5 wt.% silica and 1 mg/mL CRL 30 min, (c)
effect of enzyme concentration in Pickering emulsion with 0.5 wt.%
silica and 0.6 mM DMA-CO, for 30 min, d) effect of oil:water ratio in
Pickering emulsion with 0.5 wt.% silica, 0.6 mM DMA-CO, and 1
mg/mL CRL for 30 min.

is only slightly higher than in the latter, the difference between
the two is high at short times. For example, in 5 min. the
conversion in the emulsion reached 62% cf. 24% in the
biphasic system. The high initial catalytic efficiency of CRL in a
Pickering emulsion is a result of the rapidly increased oil-water
interfacial area and accumulation of the enzyme at the
interface which enhances the contact of its active center with
the substrate.1-> 913

The effect of surfactant concentration on the catalytic
efficiency of CRL is shown in Figure 4(b). The hydrolysis
conversion of olive oil increased initially from 75% to 91%

4| J. Name., 2012, 00, 1-3

upon increasing [DMA-CO,] from 0.2 mM to 1 mM, JThis snay
be due to the slight decrease in the JUCHFEPIREKIZE(FISUre
S11). However, the conversion decreased gradually for
concentrations beyond 1 mM. The denaturation of the enzyme
may account for this effect, caused by the surfactant inducing
unfolding of the enzyme.>1:52

The effect of enzyme concentration is shown in Figure 4(c),
where the hydrolysis conversion increased dramatically
between 0.2 mg/mL and 1 mg/mL and much less above 1
mg/mL. The effect of varying oil:water ratio on the catalytic
efficiency was also investigated (Figure 4(d)). The emulsion
type (oil-in-water) did not change in this range, though the
properties of the Pickering emulsions may be affected. A
higher efficiency of the enzymatic reaction was achieved upon
decreasing the volume fraction of oil in the emulsion due to a
reduction in droplet size (Figure S13) and therefore an increase
in oil-water interfacial area.

As a commercial and widely applicable lipase, CRL can also
catalyze esterification reactions. As an example, the
esterification of octanol with oleic acid (both dissolved in
isooctane) catalyzed by CRL in a Pickering emulsion was
investigated with the results shown in Figure 5. The
esterification yield reached 64 % in 1 h (Figure 5(a)), much
higher than that in the biphasic system (17%). The yield further
increased to 90% by 2 h with esterification almost complete by
4 h (Figure 5(b). In contrast, the yield reached only 70% after 4
h in the biphasic esterification system. It is seen therefore that
CRL exhibits a much higher catalytic esterification performance
in a Pickering emulsion compared with that in a biphasic
system.

(o]

S~y 0
e e U
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a) nf b) 100 . .
60} %0 i B
= 50 | s 80 ;"/
% a0 % 70
> 30} > 60
20 - 50
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Time / min

Figure 5. Esterification yield of octanol with oleic acid (total 5 vol.% in
isooctane) catalyzed by CRL (1 mg/mL) in biphasic or Pickering
emulsion systems with an equal volume of isooctane and water at 30
°C. (a) Yield in two different systems for 1 h, (b) yield in the Pickering
emulsion (0.6 mM DMA-CO,, 0.5 wt.% silica) as a function of reaction
time; inset shows the appearance and microscopy image of the
emulsion.

We further assessed the separation and recyclability of the
Pickering emulsion for the enzymatic reaction of the hydrolysis
of olive oil. As shown in Figure 6(a), the Pickering emulsions
were demulsified by bubbling N, for 40 min at the end of the
reaction (Figure S14) at room temperature. The -cationic
bicarbonate surfactant (DMA-CO,) was then turned to its
neutral state (DMA), which can no longer adsorb at particle

This journal is © The Royal Society of Chemistry 20xx
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surfaces rendering silica nanoparticles hydrophilic or surface-
inactive. The silica particles thus desorb from the oil-water
interface and enter the aqueous phase resulting in
demulsification. The conversion of the DMA-CO, to DMA has
been proven by conductivity (Figure S2) and 'H-NMR (Figure
S3) measurements. The zeta potential of the silica
nanoparticles (Figure S4) is also the evidence of desorption of
the surfactant from the particles by bubbling with N,. In the
absence of CO,, the zeta potential of the particles remained
almost unchanged with increasing DMA concentration. This
indicates that the surface charge of the silica nanoparticles
was changed by adsorption of the cationic ammonium
surfactant, but not the neutral DMA.

After demulsification, both the enzyme and particles were
retained in the aqueous phase whereas a trace of inactive
DMA together with the product dissolved in the upper oil
phase. Isooctane was then collected by evaporation of the oil
phase. The inactive “surfactant” DMA was separated and
collected by rinsing the crude product (such as fatty acid) with
carbonated water for three times. The aqueous phase
containing enzyme and particles was directly utilized for the
next reaction cycle (Figure S14(c)). As shown in Scheme 1,
isooctane and DMA were added into the recycled aqueous
phase. The Pickering emulsion was reformed by bubbling CO,
through the oil-water mixture (Figure 6(b)) at 25 °C for 10 min
followed by re-homogenization for 2 min (Figure 6(c)), and the
enzymatic reaction was carried out as before. It was observed
that the hydrolysis conversion decreased by about 5% after
each cycle. Nevertheless the conversion in the 6th cycle was
still as high as 65% (Figure S16). Therefore, the enzyme in the
recycled Pickering emulsion maintained significant catalytic
activity. The decrease in conversion during the recycling
process might be attributed to deactivation of CRL by silica and
surfactant.49->2

Bubbling N,
15T . 40min

Adding DMA

Bubbling CO; 10min~ .

>

— —_—

2 3 4 5

Cycle

d)100

& 8 8

Conversion / %

ha
Q
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Figure 6. (a) Digital photograph of CO,-switchable Picker\i&%ﬁmgles&rﬂne
(for olive oil hydrolysis) after reaction for | h, (bpafter bablalsgdztnoa
40 min at 25 °C, (c) after adding fresh oil and DMA, bubbling CO, for 10
min and homogenization for 2 min, (d) hydrolysis conversion of olive

oil in 6 cycles.

Compared with other separation methods for Pickering
emulsions such as centrifugation or ultrafiltration,3® the
strategy of using N,/CO, enables facile addition for large-scale
operation in industrial production, which does not need
special or expensive equipment. Demulsification and recycle of
the enzyme and particles can be achieved by bubbling N, at
ambient temperature. Furthermore, both the surfactants
separated from oil phase and the CO,-switchable Pickering
Emulsion reaction system can be effectively reformed via CO,
trigger.

Conclusions

In summary, enzymatic hydrolysis and esterification
reactions have been successfully performed in a CO,/N,-
stimulus-responsive  Pickering emulsion. The catalytic
performance of the enzyme lipase is remarkably promoted in
the Pickering emulsion stabilized by silica nanoparticles
hydrophobized in situ by the switchable surfactant N,N-
dimethyldodecylamine. Demulsification and the recycling of
aqueous solution of the enzyme and particles can be easily
achieved via N,trigger. The CO,-switchable Pickering emulsion
reaction system can be effectively reformed by bubbling CO,,
which still maintains significant catalytic activity yielding higher
reaction efficiency than that of biphasic system. It is
anticipated that this novel protocol to immobilize an enzyme
in a Pickering emulsion without complicated surface grafting of
particles may provide an important industrial route to conduct
enzyme reactions of high efficiency and multi-recyclability. Of
course, further studies on CO,/N,-switchable Pickering
emulsions in the case of more vulnerable enzymes are
important and are underway in our labs.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. 21872064, 21573096, 21473080,
20901032), MOE and SAFEA for the 111 Project (B13025), and
the programme of the ‘Collaborative innovation centre of food
safety and quality control in Jiangsu Province’. BPB
acknowledges funding from the H2020-FETOPEN-2016-2017
programme of the European Commission (grant agreement no.
737266-ONE FLOW).

Notes and references

*The two authors contributed equally to this work.

1 Z. Chen, L. Zhou, W. Bing, Z. Zhang, Z. Li, J. Ren, X. Qu, J. Am.
Chem. Soc., 2014, 136, 7498-7504.

J. Name., 2013, 00, 1-3 | 5


https://doi.org/10.1039/c8gc03879a

Published on 10 May 2019. Downloaded by University of Hull on 5/23/2019 12:58:09 PM.

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Green Chemistry

Z. P. Wang, M. C. M. van Qers, F. P. J. T. Rutjes, J. C. M. van
Hest, Angew. Chem. Int. Ed., 2012, 124, 10904-10908.

C. Wu, S. Bai, M. B. Ansorge-Schumacher, D. Wang, Adv.
Mater., 2011, 23, 5694-5699.

S. Zhao, B. Zhan, Y. Hu, Z. Fan, M. Pera-Titus, H. Liu,
Langmuir, 2016, 32, 12975-12985.

H. Yang, T. Zhou, W. Zhang, Angew. Chem. Int. Ed., 2013, 52,
7455-7459.

A.S. Ghatorae, G. Bell, P.J. Halling, Biotechnol. Bioeng., 1994,
43, 331-336.

V. Stepankova, S. Bidmanova, T. Koudelakova, Z. Prokop, R.
Chaloupkova, J. Damborsky, ACS Catal., 2013, 3, 2823-2836.
F. Ishizuka, R. Chapman, R.P. Kuchel, M. Coureault, P.B.
Zetterlund, M.H. Stenzel, Macromolecule, 2018, 51, 438—446
S. Crossley, J. Faria, M. Shen, D.E. Resasco, Science, 2010,
327, 68-72.

H. Tan, P. Zhang, L. Wang, Yang, D. Zhou, K. Chem.
Commun., 2011, 47, 11903-11905.

W. Zhou, L. Fang, Z. Fan, B. Albela, L. Bonneviot, F. de
Campo, M. Pera-Titus, J. M. Clacens, J. Am. Chem. Soc., 2014,
136, 4869-4872.

M. Pera-Titus, L. Leclercq, J. M. Clacens, F. de Campo, V.
Nardello-Rataj. Angew. Chem. Int. Ed., 2015, 54, 2006-2021.
Z. Chen, H. Ji, C. Zhao, E. Ju, J. Ren, X. Qu, Angew. Chem. Int.
Ed., 2015, 54, 4904-4908.

Z. Chen, C. Zhao, E. Ju, H. Ji, J. Ren, B. P. Binks, X. Qu, Adv.
Mater., 2016, 28, 1682-1688.

H. Yang, T. Zhou, W. Zhang. Angew. Chem. Int. Ed. 2013, 52,
7455-7459.

H. Yang, L. Fu, L. Wei, J. Liang, B.P. Binks. J. Am. Chem. Soc.
2015, 137, 1362-1371.

M. Zhang, L. Wei, H. Chen, Z. Du, B. Binks, H. Yang, J. Am.
Chem. Soc., 2016, 138, 10173-10183.

L. Wei, M. Zhang, X. Zhang, H. Xin, H. Yang, ACS Sustainable
Chem. Eng., 2016, 4, 6838-6843.

T. Yang, L. Wei, L. Jing, J. Liang, X. Zhang, M. Tang, M.J.
Monteiro, Y. Chen, Y. Wang, S. Gu, D. Zhao, H. Yang, J. Liu, G.
Q. Lu. Angew. Chem. Int. Ed., 2017, 56, 8459 -8463.

J. Cho, J. Cho, H. Kim, M. Lim, Ha. Jo, H. Kim, S. Min, H. Rhee,
J. Kim. Green Chem., 2018, 20, 2840-2844

P. Hao, D.K. Schwartz, J. W. Medlin. ACS Catal., 2018, 8,
11165-11173.

Z. Liu, B. Wang, S. Jin, Z. Wang, L. Wang, S. Liang. ACS Appl.
Mater. Interfaces., 2018, 10, 41504-41511.

X. Lu, J.S. Katz, A.K. Schmitt, J.S. Moore. J. Am. Chem. Soc.,
2018, 140, 3619-3625.

G. Lv, F. Wang, X. Zhang, B.P. Binks. Langmuir, 2018, 34, 302-
310

Z. Sun, U. Glebe, H. Charan, A. Bgker, C. Wu. Angew. Chem.
Int. Ed., 2018, 57, 13810-13814.

L. Tao, M. Zhong, J. Chen, S. Jayakumar, L. Liu, H. Lia, Q. Yang,
Green Chem., 2018, 20,188-196

N. Xue, G. Zhang, X. Zhang, H. Yang. Chem. Commun., 2018,
54, 13014-13017

S. Zhang, B. Hong, Z. Fan, J. Lu, Y. Xu, M. Pera-Titus. ACS
Appl. Mater. Interfaces, 2018, 10, 26795-26804

X. Zhou, C. Chen, C. Cao, T. Song, H. Yang, W. Song, Chem.
Sci., 2018, 9, 2575-2580.

A. Heysea, C. Plikat, M. Grina, S. Delavala, M. Ansorge-
Schumacher, A. Drews, Process Biochem., 2018, 72, 86-95.

H. Jiang, Y. Li, L. Hong, T. Ngai, Chem. An Asian J., 2018, 13,
3533-3539.

G. Vitantonio, T. Wang, M.F. Haase, K.J. Stebe, D. Lee, ACS
Nano, 2019, 13, 26-31.

B. P. Binks, J. A. Rodrigues, Angew. Chem. Int. Ed., 2007, 46,
5389-5392.

J. Jiang, Y. Zhu, Z. Cui, B. P. Binks, Angew. Chem. Int. Ed.,
2013, 52,12373-12376.

6 | J. Name., 2012, 00, 1-3

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

J. Tang, P. J. Quinlan, K. C. Tam, Soft Matter, ZQ}“lGSW /ilré‘ldle_% n]ﬂ%e-
3529. DOI: 10.1039/C8GC03879A
C.P. Whitby, F.E. Fischer, D. Fornasiero, J. Ralston, J. Colloid
Interface Sci., 2011, 361, 170-177.

Z. Zheng, J. Wang, H. Chen, L. Feng, R. Jing, M. Lu, B. Hu, J. Ji,
ChemCatChem, 2014, 6, 1626-1634.

I. Kosif, M. Cui, T. Russell, T. Emrick, Angew. Chem. Int. Ed.,
2013, 125, 6752-6755.

J. Jiang, Y. Ma, Z. Cui, B. P. Binks, Langmuir, 2016, 32, 8668-
8675.

P. Liu, W. Lu, W. Wang, B. Li, S. Zhu, Langmuir, 2014, 30,
10248-10255.

M. Liu, X. Chen, Z. Yang, Z. Xu, L. Hong, T. Ngai, ACS Appl.
Mater. Interfaces, 2016, 8, 32250-32258.

J. Tang, R. M. Berry, K. C. Tam, Biomacromolecules, 2016, 17,
1748-1756.

S. Wiese, A. C. Spiess, W. Richtering, Angew. Chem. Int. Ed.,
2013, 125, 604-607.

J. Liu, Lan, J. G. Peng, Y. Li, C. Li, Q. Yang, Chem. Commun.,
2013, 49, 9558-9560.

Y. Qian, Q. Zhang, X. Qiu, S. P. Q. Zhu, Green Chem., 2014, 16,
4963-4968.

Peng, L. Feng, A. Liu, S. Huo, M. Fang, T. Wang, K. Wei, Y.
Wang, X. J. Yuan, ACS Appl. Mater. Interfaces, 2016, 8,
29203-29207.

P. Brown, C. P. Butts, J. Eastoe, Soft Matter, 2013, 9, 2365-
2374.

Y. Liu, P. G. Jessop, M. Cunningham, C. A. Eckert, C.L. Liotta.
Science, 2006, 313, 958-960.

M. Mahmoudi, I. Lynch, M. R. Ejtehadi, M. P. Monopoli, F. B.
Bombelli, S. Laurent, Chem. Rev., 2011, 111, 5610-5637.

N. J. Turro, X. Lei, K. P. Ananthapadmanabhan, M. Aronson,
Langmuir, 1995, 11, 2525-2533.

Y. L. Khmelnitsky, R. Hilhorst, A. J. W. G. Visser, C. Veeger, J.
Eur. Biochem., 1993, 211, 73-77.

L. Liu, L. Jiang, X. Xie, S. Yang, ChemPlusChem, 2016, 81, 629-
636.

R. Fernandez-Lafuente, P. Armisen, P. Sabuquillo, G.
Fernandez-Lorente, J. M. Guisan, Chem. Phys. Lipids, 1998,
93, 185-197.

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 6


https://doi.org/10.1039/c8gc03879a

