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Synergy of Pickering Emulsion and Sol-Gel Process
for the Construction of an Efficient, Recyclable

Enzyme Cascade System

Jiafu Shi, Xiaoli Wang, Wenyan Zhang, Zhongyi Jiang,* Yanpeng Liang, Yuanyuan Zhu,

and Chunhong Zhang

An efficient, easily recyclable enzyme cascade system based on nanoparticle-
stabilized capsules (NPSCs) is constructed through a synergy of a Pickering
emulsion and sol-gel process. Specifically, oligodopa-coated titania nanopar-
ticles (biomimetic titania) containing the first enzyme (FateDH) are synthe-
sized through a bioadhesion-assisted biomimetic mineralization approach.
The biomimetic titania is then spontaneously assembled at the interface
between the oil phase (hexadecane/butyl titanate (BuTi) mixture) and water
phase during the formation of Pickering emulsions. The sol-gel process of
BuTi can produce not only butanol for assisting the formation of Pickering
emulsions but also titania gel particles (sol-gel titania) for cross-linking the
biomimetic titania through catechol-titanium chelating. The NPSCs obtained,
which contain the first enzyme, conjugate the second enzyme (FaldDH) onto
the surface for constructing the enzyme cascade system. The system exhibits
high activity and stability, particularly, superior recyclability for conversion of
CO, into formaldehyde. In detail, the system shows a formaldehyde yield of
50.0%, and can quickly float onto the air/water interface soon after stopping
the agitation of reaction mixtures, which ensures that the formaldehyde yield
keeps almost unaltered after 10 times recycling. This study will be useful for

Among the existing enzyme immo-
bilization approaches,''4 sol-gel encap-
sulation has become increasingly pop-
ular owing to its facile and controllable
process, low operation temperature, low
cost and easy attainability of raw mate-
rials, etc.'> In addition, the resultant
inorganic gels often exhibit high enzyme
loading capacity, excellent pH stability
and thermal stability.'>35] Until now,
the sol-gel scaffolds primarily used for
enzyme encapsulation include glass mono-
liths and nanoparticles (NPs). In recent
years, numerous efforts have focused on
preparing sol-gel NPs for enzyme encap-
sulation. This is mainly because the large
specific surface area and small size of the
NPs can increase enzyme loading capacity
and particle mobility, reduce diffusion
resistance and thus retain the inherent
enzyme catalytic activity.'®'% One of the
first investigations about sol-gel encap-
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facile construction of a wealth of catalytic systems with efficient, recyclable

attributes.

1. Introduction

Enzymes can catalyze a broad range of reactions with exqui-
site stereo-specificity, regio- and chemo-selectivity,'* and have
been working as a powerful tool for chemical synthesis,?®
biosensors,”#! biofuel cells,”! and so on. However, the applica-
tion of free enzymes in industry is often hampered by their low
operational stability and poor recyclability.'%!! Fortunately, the
enzyme immobilization technique has shown great promise to
solve these problems.
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sulation of enzymes within NPs was
reported by Jain et al.l'%! To obtain the sol-
gel NPs, they have incorporated a water-
in-oil microemulsion process into the
traditional sol-gel process, which was con-
ducted via the acid catalyzed hydrolysis and polycondensation
of silicon alkoxides. To avoid enzyme denaturation by the harsh
conditions and released alcohol, Cellesi et al.2% have modified
the sol-gel encapsulation approach by adding the buffer solu-
tion and evaporating the hydrolyzed tetraethyl orthosilicate. As
far as we know, in the ocean, diatom utilizes protein scaffolds
to catalyze silicate to form silica NPs under ambient condi-
tions. Inspired by this, biomimetic mineralization processes
have emerged as a versatile tool for generating excellent sup-
ports for enzyme immobilization. The mild and controllable
reaction condition associated with biomineral NP formation
is extremely favorable for enzyme encapsulation and enzyme
activity retention.l'”] In 2004, Luckarift et al.' first exploited
a biomimetic approach to encapsulate butyrylcholinesterase
through RS peptide induced silicification. The biosilica support
acquired a high enzyme encapsulation efficiency (>90%) and
zero enzyme leaching. Moreover, the immobilized enzyme was
much more stable than the free enzyme. Since then, a broad
number of enzymes, including catalase,?!] B-galactosidase,?2l
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alcohol dehydrogenase,??] etc. have been successfully entrapped
into the biomineral NPs especially silica or titania. Since NPs
have a small size (=25-500 nm) and a similar density to water,
the recovery of NPs after the reaction becomes a difficult task.
To the best of our knowledge, the commonly used strategy for
recovering NPs is centrifugation, sometimes combined with
filtration. However, the recovery efficiency is often very low
unless the centrifugation speed reaches an extremely high
value (>10 000 rpm).l'*22 As an energy-efficient process, mag-
netic separation has been recently developed, where NPs can
be reused without significant loss of activity for a number of
cycles.?*] Nevertheless, this approach is severely limited by the
available magnetic materials, and is not applicable to the biom-
ineral NPs such as silica or titania.

In general, when designing a “robust” immobilization
approach, noncatalytic needs (separation, reuse, downstream
processing, etc.) as well as catalytic needs (productivity, space-
time yield, stability and selectivity, etc.) should be considered
simultaneously.l"?’] Therefore, developing an efficient and recy-
clable enzyme support is highly desired for many biocatalytic
processes.

In recent years, Pickering emulsions, a kind of oil/water or
water/oil emulsions stabilized by NPs,??”] have attracted a
surge of interest.?#-33] Until now, many kinds of NP stabilizers
including silica, titania, clay and organic materials have been
reported.?>37] Theoretically, the placement of NPs at the oil/
water or water/oil interface could lead to a decrease of energy
of the system. The decrease of total free energy is much larger
than that of thermal energy (kp), which leads to a nearly per-
manent confinement of NPs to the interface.’®l To acquire
stable Pickering emulsions, the wettability of NPs is crucial;
this determines whether the emulsion is a water-in-oil or oil-
in-water type. Quite often, relatively hydrophilic particles tend
to stabilize oil-in-water emulsions. Locking NPs adsorbed on
oil-in-water emulsion droplets can generate micrometer-sized,
robust capsules enclosed by a thin nanoparticle layer,?%*
which may offer a novel and generic approach to recover the
NPs without dramatically changing their unique property.

In the present study, a facile approach, which uses a synergy
between Pickering emulsion and sol-gel process, is developed
to prepare nanoparticle-stabilized capsules (NPSCs) for con-
structing an efficient and recyclable enzyme cascade system.
Specifically, the oligodopa-coated titania NPs (biomimetic
titania) are synthesized through a bioadhesion-assisted bio-
mimetic mineralization approach. A Pickering emulsion is
formed by mixing the biomimetic titania
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entrapment in the capsule wall and chemical conjugation on
the capsule surface. The advantages of this approach may be
realized in the following aspects: 1) the biomimetic titania NPs
could spread on the surface of the oil droplets nearly in the
form of a monolayer, which preserves their structure well; 2) the
density difference between oil-containing capsules and water
makes the NPSCs quickly float onto the air/water interface
soon after stirring or shaking ceases, which makes recycling
easier. Therefore, this system displays high catalytic activity
and stability, as well as superior recyclability. As an example,
an enzyme cascade system containing formate dehydrogenase
(FateDH, the first enzyme) and formaldehyde dehydrogenase
(FaldDH, the second enzyme) is explored for converting CO, to
formaldehyde.

2. Results and Discussion

2.1. Synthesis and Morphology Control of the
Nanoparticle-Stabilized Capsules (NPSCs)

The NPSCs were fabricated through the synergy between Pick-
ering emulsion and sol-gel process as illustrated in Scheme 1.
The whole process can be divided into two steps: 1) emulsifi-
cation of the oil-water mixture to form oil-in-water emulsions;
2) sol-gel process of butyl titanate (BuTi) to produce a thin layer of
titania gel particles (sol-gel titania) and butanol at the oil/water
interface. Adsorption of butanol on the oligodopa-coated titania
nanoparticles (biomimetic titania) induced the self-assembly of
the biomimetic titania at the oil/water interface (formation of
Pickering emulsions). Meanwhile, the sol-gel titania was the
indispensable constituent in the formation of an intact and
robust capsule wall (formation of the NPSCs). Interestingly, in
the second step, it was found that the biomimetic titania was
not able to self-assemble at the hexadecane/water interface
(Figure Sla and S1b, Supporting Information). Therefore, it
can be deduced that BuTi played a critical role in the forma-
tion of a stable Pickering emulsion. It is known that, once in
contact with water, BuTi can be hydrolyzed into titanate and
butanol within minutes. It could be hypothesized that butanol
can alter the surface wettability of the biomimetic titania and
enhance their stability at the oil/water interface. To test this
hypothesis, the wettability of the biomimetic titania/water/oil
three-phase system with and without butanol in the oil phase
(Figure 1a) was studied. For oil without butanol (Figure 1c), the

with an oil (hexadecane/butyl titanate (BuTi) Q0 Nanonarticlo-siabilized
mixture)-water mixture through vigorous 00y ¥ sl ?
shaking. BuTi, as the inorganic precursor,

produces butanol and titania gel particles _

(sol-gel titania) through the sol;gel process. Emulsification | -5 O 0 Piillicle-fifger::;elg‘on

Butanol can assist the formation of Pick- o) -

ering emulsions, while the sol-gel titania can Stepl 9 (0} Step2

cross-link the biomimetic titania through Water

catechol-titanium chelation. The morpholo- O

gies of the NPSCs can be tailored by varying )

the concentration of BuTi. To construct the B icr: (N Bexsi o - i, & B T Sl

enzyme cascade system, two enzymes are
respectively immobilized through physical
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Scheme 1. Schematic preparation procedure of nanoparticle-stabilized capsules (NPSCs).
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Figure 1. a) Scheme of an isotropic particle at the oil/water interface. b,c) Photographs of a
5 uL water droplet, resting on the surface of a thin film of the biomimetic titania, which was
transferred from b) the hexadecane/air interface on a glass slide and c) the oil (hexadecane/
butanol mixture) /air interface on a glass slide.?®4} Note that the contact angles in Figure 1b,c
reflect the contact angles () of the biomimetic titania at the hexadecane/water interface and

the oil /water interface, respectively.?>*]

contact angle was ca. 42°, demonstrating that oil had a much
weaker affinity toward the biomimetic titania than water. This
situation was changed significantly in the presence of butanol.
It was found that the contact angle between the oil film at the
biomimetic titania and a drop of water was ca. 87° (Figure 1b).
Normally, the physically aggregated biomimetic titania would
detach from the oil/water interface if the shear stress was high
enough. In our study, the tight connections among the bio-
mimetic titania and thus the robust, intact
capsule wall should be ascribed to the cross-
linking of sol-gel titania via the polyconden-
sation of titanate. Specifically, as shown in
Figure S2a (Supporting Information), the
surface of the biomimetic titania was cov-
ered with oligodopa, which is rich in free cat-
echol groups.*!l The titanium atom in sol-gel
titania could be chelated by catechol groups
to form metal-organic coordination bonds.
To elucidate the morphological influence
of BuTi in this process, the NPSCs were
prepared from different BuTi/oil ratios and
characterized by an optical camera, scanning
electron microscope (SEM) and energy dis-
persive spectroscope (EDS). It is noteworthy
to mention that the NPSCs synthesized with
1.25, 3.75, 6.25, and 12.5 uL of BuTi were
denoted as NPSCs-1, NPSCs-2, NPSCs-3, and
NPSCs-4, respectively. After dropping 20 uL
of the solution containing NPSCs-1, NPSCs-2,
NPSCs-3 or NPSCs-4 onto a glass slide,
spherical capsules could be observed, indi-
cating successful preparation of the NPSCs.
With an increase in the BuTi amount, the
diameters of the NPSCs decreased slightly
as shown in Figure 2a—c. Moreover, the mor-
phologies of the lyophilized NPSCs were also
observed by SEM. NPSCs-1 with broken struc-
tures were obtained as shown in Figure 2d,
while NPSCs-2 and NPSCs-3 displayed
typical capsular morphology (Figure 2e,f).
Furthermore, distinct differences also existed
between NPSCs-2 and NPSCs-3. NPSCs-2
were tiled on the glass slide, while NPSCs-3
exhibited a spherical hollow structure without

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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collapse. Such results could be interpreted in
the following manner: more BuTi would pro-
duce a larger amount of sol-gel titania so as to
form a more robust capsule wall, which was
confirmed by the EDS results in Figure 3a—c.
Additionally, as illustrated in Figure 3d, once
the amount of BuTi increased to 12.5 uL,
NPSCs-4 would be formed accompanied by
plenty of sol-gel titania in the free form.

In order to explore the nanostructure of
the NPSCs, HR-SEM images of NPSCs-2
and NPSCs-3 were acquired. For NPSCs-2,
it could be observed that the NPs were
uniformly distributed on the capsule wall
(Figure 4a). These NPs should originate from
the added biomimetic titania, since the NPSCs could not be
formed in the absence of the biomimetic titania. As compared
to NPSCs-2, NPSCs-3 possessed a continuous capsule wall,
where NPs could not be distinguished clearly and may be fully
entrapped in the capsule wall (Figure 4b). NPSCs-2 with intact
capsular morphology and a high exposure of the biomimetic
titania were then selected for the subsequent construction of
the enzyme cascade system.

Figure 2. a—c) Optical micrographs and d—f) SEM images of the NPSCs: a,d) NPSCs-1,
b,e) NPSCs-2, ¢,f) NPSCs-3 (scale bar: 50 um).

Adv. Funct. Mater. 2013, 23, 1450-1458
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Figure 3. a—c) EDS spectra of the NPSCs: a) NPSCs-1, b) NPSCs-2 and c¢) NPSCs-3; and d) optical micrograph of NPSCs-4 (scale bar: 50 um).

2.2. Immobilization of FateDH and FaldDH within/on the NPSCs

In this study, the spatial distribution of two enzymes within/on
NPSCs was essential to the efficient construction of the enzyme
cascade system. Therefore, to confirm the location of FateDH
(the first enzyme), thodamine B-labeled FateDH was used for
the preparation of the NPSCs. A distinct red fluorescence was
detected under 543-nm excitation, indicating the presence of
FateDH (Figure 5a). Furthermore, constant sulfur content on
the capsule wall indicated that FateDH was uniformly distrib-
uted within the capsule wall as shown in Figure 5b. All the
above results confirmed that FateDH had been successfully
immobilized within the capsule wall.

In our previous study,® we proved that the biomimetic
titania could chemically conjugate with enzymes through
adduct reaction between catechol groups of oligodopa and
amino groups of enzymes.**! Then, the NPSCs were utilized

a)

Figure 4. HR-SEM images of a) NPSCs-2 and b) NPSCs-3 (scale bar: 500 nm).

Adv. Funct. Mater. 2013, 23, 14501458
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to conjugate FaldDH (the second enzyme) on the outer surface
of the capsule wall (Figure 6a).’*l In order to avoid inter-
ference from FateDH during the characterization of FaldDH-
containing NPSCs, the FateDH-free NPSCs were immersed into
a FaldDH aqueous solution for two hours. FTIR and EDS spectra
were acquired to verify the viable conjugation of FaldDH to
the outer surface of the capsule wall. As shown in Figure 6b,
the appearance of stretching frequencies from 450 to 700 cm™!
was attributed to the typical peaks of titania (Ti-O-Ti).[?3] Mean-
while, the peak at around 1650 cm™ could be assigned to
absorbance of the amide, suggesting the successful immobi-
lization of FaldDH on the surface of the NPSCs.[?3! Further-
more, the absorption peaks located at 2853 cm™ and 2926 cm™!
were attributed to -CH,- and -CHj, respectively, which should
be due to the presence of BuTi and hexadecane. In Figure 6c, the
appearance of sulfur in the EDS spectrum also illustrated the
successful immobilization of FaldDH. Additionally, the FaldDH
loading capacity of NPSCs increased from
45.7 t0 192.2 mg g! (NPSCs) when the con-
centration of FaldDH increased from 0.1 to
0.5 mg mL™!, as demonstrated in Figure 6d.
A slight increase in the loading capacity was
observed as the concentration of FaldDH
was higher than 0.5 mg mL™!. The FateDH
loading capacity of NPSCs was also exploited,
and the results were summarized in Figure S3
(Supporting Information). In order to
obtain a similar FateDH loading capacity to
FaldDH, the FateDH concentration used in
the immobilization process was also fixed at
0.5 mg mLL. The resultant FateDH loading
capacity was 168.0 mg g~! (NPSCs).
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b) and 1.53 umol min~! mg™? vs free system:

0.72 pumol min™' mg™) (Figure 7b). This
observation was in contrary to what was usu-
ally expected for the immobilized enzyme
for a single step reaction and indicated that

Sulfur intensity/a.u.

the overall equilibrium was shifted favo-
rably toward the product. This interesting

T

(=}

.. 25
Distance/pm

: phenomenon might be caused by the sub-
=0 stantially-reduced diffusion distance that the

Figure 5. a) Florescence image (scale bar: 50 um) and b) EDS spectrum of the FateDH-

containing NPSCs.

2.3. Catalytic Efficiency and Stability of the Enzyme
Cascade System

The enzyme cascade system was applied to convert CO, into
formaldehyde. Batch reactions were carried out with a similar
amount of enzymes (FateDH, 0.37 mg; FaldDH, 0.42 mg), while
the concentration of NADH was fixed at 50 mM. For com-
parison, the catalytic performance of the free enzyme cascade
system (FateDH, 0.40 mg; FaldDH, 0.40 mg) and biomimetic
titania-based enzyme cascade system (FateDH, 0.37 mg;
FaldDH, 0.44 mg) were also evaluated. First, we assayed the
formaldehyde yield as a function of the reaction time catalyzed
by the free, biomimetic titania- and NPSC-based enzyme cas-
cade systems. Figure 7a indicated that the formaldehyde yield
increased as the reaction time was prolonged during the 4-h
reaction for all three systems. Specifically, the formaldehyde
yield of the immobilized systems was higher than that of the
free system through the entirety of the 4-h reaction. The immo-
bilized systems exhibited a formaldehyde yield of =50.0-60.0%
after reaction equilibrium, which was much higher than that
of the free system (34.0%). Meanwhile, compared to the free
system, the immobilized systems also displayed higher specific
activity, especially the initial activity (immobilized systems: 0.79

reaction intermediate travelled between the
two enzymes active sites. The generation
of formic acid in the vicinity of the second
enzyme (FaldDH) allowed the effective bio-
catalyzed oxidation of NADH owing to the high local concen-
tration of formic acid.*>°*%2 Another potential explanation
for the enhancement of formaldehyde yield was presented
in Figure 7c. CO, transferred through the outer layer into the
particle matrix (or capsule wall) to be converted to formic acid.
Therefore, formic acid had to go through the particle matrix (or
capsule wall) to escape, which ensured that all of the formic acid
molecules fully contacted FaldDH and were converted into for-
maldehyde.*>>! Furthermore, it was also found that either the
formaldehyde yield or the specific activity of the NPSC-based
system was slightly lower than that of the biomimetic titania-
based system as shown in Figure 7a,b. The decrease in activity
might be attributed to either of the following two causes. First,
the high surface area of the carriers could offer more contacting
opportunities for enzymes and substrates, resulting in higher
enzymatic activity. In our study, compared with the biomimetic
titania-based system, the surface area of the NPSC-based system
decreased during the construction process, which could explain
its reduced activity. Second, when enzymes were in an organic
solvent-water mixture, the increased content of organic solvent,
especially water-miscible protic and aprotic organic solvent, was
capable of removing essential water from the enzyme surface
and affecting the polarity of active sites as reported in previous
studies.*% Since hexadecane was used and
butanol was produced during the formation

Transmittance

Water

1650 cm™

28532926 cm’”

b) of Pickering emulsions, the secondary struc-

ture of enzyme molecules might be changed.
In order to identify the primary reason, the
secondary structures of FateDH and FaldDH
in the presence of organic solvent were indi-
vidually characterized by circular dichroism
(CD). As illustrated in Figure 8a,b, there was
little difference between the CD spectra of

Amide

two enzymes in PBS and in organic solvent-

containing PBS (PBS with hexadecane or
PBS with a hexadecane-butanol mixture), sug-
gesting a negligible impact of trace organic sol-
vent (Vou/ Vvater = 1/40, Vuri/ Vou = 1/100) on
the secondary structure of the two enzymes.?3!
Therefore, it can be deduced that hexadecane
and butanol did not affect the catalytic activity
of FateDH and FaldDH. Finally, it can be con-
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Figure 6. a) Scheme, b) FTIR and c) EDS spectra of the FaldDH-conjugated NPSCs; and

d) FaldDH loading capacity of NPSCs as a function of FaldDH concentration.
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cluded that the reduced enzymatic activity was
mainly caused by the decreased surface area
of the NPSC-based system in comparison to
the biomimetic titania-based system.

Adv. Funct. Mater. 2013, 23, 1450-1458
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their catalytic activity. According to previous
reports,’®>7 the loss of enzyme activity
would be partially due to the existence of
protein-degrading microbe. Therefore, the
high retention of enzymatic activity in this
study could be partially due to the antibiotic
function of titania.l®>%

2.4. Recycling and Reusing of the Enzyme
Cascade System

In the present study, the NPSCs can quickly
float to the air/water interface soon after
the magnetic stirring or manual shaking
was halted (Figure 9b,c), which ensured the
enzyme cascade system easily recyclable.
Before conducting the cascade reaction, the
activity and recyclability of FateDH-entrapped
NPSCs for converting CO, to formic acid
were investigated. As shown in Figure 9a,
the immobilized FateDH could still convert
>89.5% of CO, to formic acid after 10 cycles,
indicating its excellent activity and recycling
stability. For the enzyme cascade reaction
of converting CO, to formaldehyde, the for-
maldehyde yield with recycling times of the
biomimetic titania- and NPSC-based system

NPSC-based system.

Subsequently, the structural stability of the NPSC-based
system was investigated under moderate stirring after storing
at 4 °C over a 30 day period (Figure S5, Supporting Informa-
tion). Notably, few capsules were deformed or broken. This
system retained 80% of its initial activity after storing for
30 days, indicating that the NPSCs could provide a biocom-
patible and robust microenvironment for both enzymes. Spe-
cifically, the relatively small pores of the biomimetic titanial*!
and the robust chemical bond between oligodopa and FaldDH
could successfully avoid the leakage of two enzymes, retaining

was evaluated. As shown in Figure 9d, a con-
tinuous decrease of formaldehyde yield was
observed in the biomimetic titania-based
system as the recycling times increased. This decrease of for-
maldehyde yield was mostly ascribed to the mass loss of the
catalyst during the centrifugation process after each reaction
batch.[®] After 10 cycles, only 53.0% of the biomimetic titania
was left over, resulting in the decrease of formaldehyde yield
from 64.0% to 33.0%. However, the NPSC-based system had
superior recyclability as shown in Figure 9b,c. The enzyme
recycling efficiency remained almost unaltered after 10 cycles.
These results further verified that the NPSCs provided a robust
and favorable microenvironment for enzymes.
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Figure 8. Circular dichroism (CD) spectra of a) FateDH and b) FaldDH dispersed in PBS (50 mM, pH 7.0), PBS (50 mM, pH 7.0) containing hexadecane

and PBS (50 mM, pH 7.0) containing a hexadecane-butanol mixture.
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Figure 9. a) Recycling stability of the FateDH-entrapped NPSCs for converting CO, to formic acid; b,c) digital photographs of the NPSC-based system
spontaneously separable from the bulk solution as the hand shaking stops from b) 0 s to c¢) 15 s; and d) the recycling stability of the biomimetic

titania- and NPSC-based systems.

3. Conclusions

A novel and generic approach combining a Pickering emulsion
and sol-gel process has been developed for the facile construc-
tion of a NPSC-based enzyme cascade system. Two kinds of
enzymes are separately immobilized through physical entrap-
ment within the capsule wall and chemical conjugation onto
the surface of the capsules. The robust capsule wall renders the
enzyme cascade system with an appropriate microenvironment
and superior stability. Meanwhile, the lower density of the oil
core than that of water endows the enzyme cascade system with
excellent recyclability. Furthermore, the capsule morphology
and the enzyme loading capacity can be easily and finely tuned
by changing the BuTi/oil ratios and enzyme concentrations.
The present approach will be able to evolve as a platform tech-
nology to construct novel and efficient nanocatalytic systems
for a variety of chemical and enzymatic conversions.

4. Experimental Section

Materials: ~ Titanium(lV)  bis(ammonium lactato) dihydroxide
(Ti-BALDH, 50 wt% aqueous solution), tris (hydroxymethyl) amiomethane
(tris), rhodamine B, formate dehydrogenase from Candida boidinii
(FateDH, EC.1.2.1.43), formaldehyde dehydrogenase from Pseudomonas
putida (FaldDH, EC.1.2.1.46), and reduced nicotinamide adenine
dinucleotide (NADH, 98 wt%) were purchased from Sigma-Aldrich.
3,4-dihydroxy-L-phenylalanine (dopa) was obtained from Yuancheng
Technology Development Co. Ltd. (Wuhan, China). Disodium hydrogen
phosphate, sodium dihydrogen phosphate, n-hexadecane, n-butanol, butyl
titanate (BuTi), ethanol, hydrochloric acid (HCI) and sodium hydroxide
(NaOH) of reagent grade quality were obtained from Guangfu Chemical
Co. (Tianjin, China). Arginine was purchased from Bodi Chemical
Co. (Tianjin China). Rhodamine B-labeled enzymes were prepared
using overnight incubation at room temperature of their mixtures
(50 mM phosphate buffer, pH 7.0, protein concentration 1 mg mL™,
[dye]/[enzyme] = 5) followed by exhaustive dialysis (My cutoff:
14 000 Da) against phosphate buffer (50 mM, pH 7.0) for 72 h and
deionized water for 24 h. All other reagents were of analytical grade
and used without further purification. All solutions were prepared using
ultrapure water with a resistivity of 182 kQ m from a Milli Q Plus water
purification system (Millipore, Billerica, Massachusetts, USA). The
pH values of solutions were measured with a PHS-3C pH-meter (REX
Instruments, PHS-3C, Shanghai, China) and adjusted by addition of HCI
solution (0.1 M) or NaOH solution (0.1 M). Additionally, the synthesis
procedure of oligodopa was illustrated in the Supporting Information.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Preparation of the Oligodopa-Coated Titania Nanoparticles (Biomimetic
Titania): A 300 mM aqueous solution of arginine was prepared by
dissolving arginine powder in a 50 mM tris-HCl buffer solution (pH 6.8).
Then, the synthetic reaction was initiated by adding 0.5 mL Ti-BALDH
solution (0.05 M, pH 6.8) into 1 mL arginine solution at ambient
conditions. After the reaction continued for 1 min, 0.5 mL of oligodopa
solution (2.5 mg mL™" for tris-HCl buffer solution of dopa, pH 7.5)
was added to the reaction media. Then the mixture was agitated for
another 10.0 min. Finally, the biomimetic titania was obtained after the
precipitates were centrifuged at 10 000 rpm and washed more than three
times with a 50 mM tris-HCl buffer solution (pH 6.8).

Preparation of the Nanoparticle-Stabilized Capsules (NPSCs): In a typical
procedure, 125 L of hexadecane mixed with a certain amount of BuTi
(0, 1.25, 3.75, 6.25, and 12.5 uL) was added into 5 mL of tris-HCl buffer
solution (50 mM, pH 6.8) to form a oil-water mixture. Immediately, 2 mg
of the biomimetic titania was added into the oil-water mixture followed
by emulsification via vigorous shaking for 60 s. (Here, the amount of
the biomimetic titania was in accordance with the previous reports to
ensure nearly full coverage of NPs on surface of the emulsion drops.)l
Afterwards, to ensure complete hydrolysis and polycondensation of
BuTi, the resultant mixture was gently shaken by test tube shaker for
60 min at ambient conditions. The resultant capsules with 1.25, 3.75,
6.25, and 12.5 uL of BuTi were denoted as NPSCs-1, NPSCs-2, NPSCs-3
and NPSCs-4, respectively.

Preparation of FateDH (the First Enzyme)-Entrapped Biomimetic
Titania®): 0.5 mg of FateDH was dissolved in 1.0 mL of arginine solution
(300 mM, 50 mM tris-HCl buffer solution, pH 6.8). The synthetic
reaction was initiated by adding 0.5 mL Ti-BALDH solution (50 mM
tris-HCl buffer solution, pH 6.8) into 1T mL arginine solution at ambient
conditions. After the reaction continued for 1 min, 0.5 mL of oligodopa
solution (2.5 mg mL™" of dopa, 50 mM tris-HCl buffer solution, pH 7.5)
was added to the reaction media. Then the mixture was agitated for
another 10.0 min. Finally, the FateDH-entrapped biomimetic titania
was obtained after the precipitates were centrifuged at 10 000 rpm and
washed more than three times with 50 mM tris-HCl buffer solution
(pH 6.8). The characterizations of the biomimetic titania with and
without enzymes were provided in the Supporting Information
(Figure S2 and S4). The FateDH loading capacity of NPSCs was also
measured and illustrated in Figure S3 of the Supporting Information.

Construction of the NPSC-Based Enzyme Cascade System: In a typical
procedure, 125 pL of hexadecane mixed with 3.75 pL of BuTi was added
into the tris-HCl buffer solution (50 mM, pH 6.8). Then 2 mg of the
FateDH-entrapped biomimetic titania was added in the mixture followed
by emulsification via vigorous shaking for 60 s. Subsequently, the
mixture was gentlely shaken by test tube shaker for 60 min at ambient
conditions. The FateDH-containing NPSCs were spontaneously floated
onto the water/air interface in a few seconds after stopping shaking,
which were then collected. For immobilizing the second enzyme-FaldDH,
FateDH-containing NPSCs were transferred into 1 mL of FaldDH
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solution (50 mM tris-HCl buffer solution, pH 7.0) for 2h reaction with
continuous shaking under ambient conditions. After siphoning off
the buffer solution by using a straw, the NPSC-based enzyme cascade
system were obtained and washed more than three times with tris-HCl
buffer solution (50 mM, pH 7.0).

For comparison, the enzyme cascade system based on the biomimetic
titania was also constructed. Briefly, 2 mg of as-synthesized FateDH-
entrapped biomimetic titania was dispersed to 1 mL of FaldDH solution
(50 mM tris-HCl buffer solution, pH 7.0) for 2-h reaction with continuous
shaking under ambient conditions. Subsequently, the biomimetic titania-
based enzyme cascade system was collected through centrifugation at
10 000 rpm for 5 min and washed more than three times with tris-HCl
buffer solution (50 mM, pH 7.0).

Enzymatic Conversion of Carbon Dioxide (CO,) to Formaldehyde:
Conversion of CO, to formaldehyde was conducted in aqueous solution
with free or immobilized enzymes. The whole conversion process
involved an initial reduction of CO, to formic acid catalyzed by FateDH,
followed by reduction of formic acid to formaldehyde by FaldDH.
Reduced nicotinamide adenine dinucleotide (NADH) acted as a terminal
electron donor for each enzyme-catalyzed reduction. The operating
pressure was maintained at 0.3 MPa. The formaldehyde concentration
was determined by gas chromatography (GC) equipped with a flame
jonization detector (FID; Hewlett-Packard, model HP-6890). All the
measurements were repeated three times. It should be mentioned that
the formic acid concentration was too low to be detected. Conversion of
CO, by the biomimetic titania- and NPSC-based systems was performed
according to the following procedure. Briefly, immobilized enzymes-
containing solution (0.5 mL, 50 mM PBS, pH 7.0) was bubbled with CO,
for 0.5 h before adding 0.5 mL NADH solution (50 mM PBS, pH 7.0)
to initiate the enzyme cascade reaction. The formaldehyde yield (Y,%)
calculations were made based on the fact that 1 mole of formaldehyde
consumed 2 moles of NADH (Equation (1)).*°1 The specific activity
(Vs tmol min~' mg™' (enzyme)) was calculated based on Equation (2)

2x Cformaldehyhde

Yormaldehyhde = x 100 m

CNADHsinitial

Vsystem X (Cformaldehyhdevt+At - Cformaldehyhde> t)
Menzyme X At

x 100

Uy =

(2)

where Crormaldehyde Was the concentration of formaldehyde after the enzyme
cascade reaction (UM), CyapH, iniial Was the initial NADH concentration
before the enzymatic reaction (UM), Viyem Was the solution volume
of the system (L), Menzyme Was the total enzyme amount used in this
experiment (Mg), Ciormaldehyde, t+4: Was the formaldehyde concentration at
the time of t+At (UM), Cpyrmaldehyde, + Was the formaldehyde concentration
at the time of t (UM).

Activity Assays of the FateDH-Entrapped NPSCs: Activity assays of the
FateDH-entrapped NPSCs were carried out at optimum conditions (pH
7.0, temperature 37 °C, pressure 0.3 MPa).[#50-52 The enzymatic activity
of the FateDH-entrapped NPSCs was evaluated based on the formic acid
yield in the reduction of CO,. 0.5 mL of the FateDH-entrapped NPSCs-
containing solution (amount of FateDH: 0.4 mg) was mixed with 0.5 mL
of 100 mM NADH solution in 50 mM tris-HCI buffer. To the mixture,
CO, was then bubbled for 4 h for production of formic acid. A UV-vis
spectrophotometer was used for determination of the concentration of
NADH in the reaction solution at 340 nm and the yield of formic acid
was calculated based on the amount of NADH consumed. The formic
acid yield (Y,%) was calculated based on Equation (3):

Cformic acid

100
CNADH, initial *

onrmic acid = (3)
Where Crormic acid Was the concentration of formic acid after the enzyme
cascade reaction (UM), CyapH, initial Was the initial NADH concentration

before the enzymatic reaction (UM).
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Characterization: FTIR spectra of the biomimetic titania and
NPSCs were obtained on a Nicolet-6700 spectrometer. 32 scans
were accumulated with a resolution of 4 cm™ for each spectrum.
HR-SEM images were recorded using a field emission scanning
electron microscope (FESEM, Nanosem 430). Elemental analysis was
accomplished by energy dispersive spectroscope (EDS) attached to
FESEM. TEM observation was performed on a JEM-100CX Il instrument.
The contact angle analysis was conducted on the membrane surfaces
by a contact angle goniometer (JC2000C Contact Angle Meter,
Powereach Co., Shanghai, China) at room temperature. Optical and
fluorescence microscope images were taken using an Olympus BX51
microscope with a 100x oil immersion objective lens (Olympus, Tokyo,
Japan). Changes in the secondary structure of FateDH and FaldDH in
the presence of hexadecane or hexadecane-butanol mixture at room
temperature were determined by circular dichroism spectroscopy (CD)
on a JASCO )715 spectropolarimeter (JASCO, Japan). The enzyme and
oil were dispersed in 50 mM phosphate buffer solution (PBS, pH 7.0).
The final enzyme concentration was 0.5 g L™! and the volume ratio of
water:hexadecane:butanol was 40:1:0.01. Six scans were conducted and
averaged for each sample from 185 to 260 nm at a 0.5 nm interval with
a rate of 50 nm min~' and a response time of 8 s. The optical path was
Tcm.

Enzyme loading capacity of NPSCs was determined for both enzymes
(FateDH and FaldDH). In detail, the loading capacity (ug mg™" (NPSCs))
was calculated according to the Equation (4):

M FateDH or FaldDH,immobilized

Loading capacityrawept or FaldoH = )

M npscs

where MeatepH or FaldDH, immobilized Was the mass of immobilized FateDH
or FaldDH (ug), and Mypscs was the mass of freeze-dried capsules (mg,
herein, wet capsules were firstly treated with ethanol to remove the oil
core and then freeze-dried). MeepH or FaldbH, immobilized Was calculated by
measuring the concentration of FateDH or FaldDH in the supernatant
before and after immobilization (20 £ 2 °C) at 595 nm through
Coomassie Blue staining method using a spectrophotometer.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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