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Abstract: High internal phase Pickering emulsion (Pickering HIPE) stabilized by enzyme-decorated
metal-organic frameworks (MOFs) nanoparticles is developed for biphasic biocatalysts to enhance
lipase catalysis and recycling. Specifically, enzyme decorated nanoparticles are prepared via ZIF-8
physisorption of a model lipase Candida antarctica Lipase B (CALB), named ZIF-8@CALSB, to be
both Pickering stabilizer and catalytic sites. An oil-in-water (o/w) Pickering HIPE with oil/water
volume ratio of 3 could then be fabricated by homogenizing p-nitrophenyl palmitate (p-NPP) n-
heptane solution into the ZIF-8@CALB aqueous dispersion. The biocatalytic hydrolysis of p-NPP is
conducted by just standing the biphasic system at room temperature. The Pickering HIPE system
achieves a product conversion of up to 48.9% within 0.5 h, whereas the p-NPP n-heptane solution
system containing free CALB only achieves a stable product conversion of 6.8% for the same time.
Moreover, the ZIFRCALB could be recovered by a simple centrifugation at 800 rpm, and then reused
in the next cycle. The hydrolysis equilibrium conversion rate of p-NPP keeps over 40% for all
8 cycles, reflecting the high catalytic efficiency and recyclability of the Pickering HIPE. This study
provides a new opportunity in designing Enzyme-MOFs-based Pickering interfacial biocatalyst for
practical applications.

Keywords: enzyme decorated MOFs; high internal phase Pickering emulsion; interfacial biocatalysis

1. Introduction

As natural catalysts, enzymes have excellent properties, such as high efficiency, stereos-
electivity and avoiding protection or activation of functional groups during the reaction [1].
Enzymatic catalysis is one of the most important ways to realize green and sustainable
industrial chemical processes [2]. However, enzymes usually have some inherent short-
comings that hinder their practical applications, such as fragile structure, low operational
stability, lack of reusability, low thermal stability, and narrow pH range [3]. Immobilization
techniques are proven as an attractive and efficient approach for improving enzymes struc-
tural stability and avoiding enzymes inactivity [2]. Therefore, immobilizing the enzymes
on the substrate is a key strategy to improve the practical application performance of the
enzymes and broaden its application fields [4]. In the past two decades, many studies have
focused on the immobilization of enzymes on different substrates, such as sol-gels, organic
polymers, porous and non-porous inorganic materials, etc. [5-7].

A number of nanoparticles have been investigated as substrates for immobilizing en-
zymes to stabilize Pickering emulsions, such as silica nanoparticles [8,9], carbon nanoparti-
cles [10], starch nanoparticles [11] and polymeric nanoparticles [12] (Table S1). For instance,
Meng et al. used a multi-step method for the synthesis of silica nanospheres [8,9], including
incubation under harsh and toxic conditions. The lack of flexibility in the synthesis of silica

Catalysts 2023, 13, 383. https:/ /doi.org/10.3390/ catal13020383

https:/ /www.mdpi.com/journal/catalysts


https://doi.org/10.3390/catal13020383
https://doi.org/10.3390/catal13020383
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-6859-2538
https://doi.org/10.3390/catal13020383
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13020383?type=check_update&version=1

Catalysts 2023, 13, 383

2 of 14

and carbon [10] nanoparticles and the random arrangement of pore channels in polymeric
nanoparticles [12] limit their use in enzyme immobilization. As an alternative to circum-
venting these problems, natural macromolecules have been investigated to immobilize
enzymes, such as starch nanoparticles [11], B-cyclodextrin, chitosan, and lignin colloid.
However, the large and fragmented pores of natural macromolecules make it difficult to
immobilize enzymes.

Recently, metal-organic frameworks (MOFs), novel porous crystalline organic-inorganic
hybrid materials that consisted of metal or metal oxide corners connected by organic link-
ers [13], have been considered as a suitable substrate for enzyme immobilization because
of their excellent physicochemical properties like polar/apolar balance, thermal stability,
high surface area, tunable pore sizes and biocompatibility [14-16]. Furthermore, MOFs can
protect the enzymes from the external environment, thereby improving the thermostability
and chemical stability of the enzymes [17,18]. Zeolite imidazolate framework (ZIF) as a
branch of MOFs is a good candidate as substrate for immobilization of enzymes due to
its adjustable pore size and chemical functions [19]. Several methods including covalent
bonding [20], co-precipitation [21], physical adsorption [22], and embedding [23-25] have
been applied to immobilize enzymes onto MOFs [26]. For instance, Qi et al. loaded the
enzyme inside a capsulate with ZIF-8 as shell prepared by a biomimetic mineralization
process to achieve a Pickering interfacial system for enhanced lipase catalysis and recycling
in organic media [18]. Notably, because size selectivity of the ZIF-8 shell induced different
locations of the substrates in contact with the enzymes, an obvious discrepancy in catalysis
efficiency was observed for substrates with different sizes. The ZIF-8 embedding method
immobilizes enzymes that are selective for the size of the catalytic substrate. Covalent
bonding can prevent enzymes leaching [3]. However, achieving these strong multipoint
covalent linkages between the enzyme and the carrier requires more complex preparation
methods than physical adsorption [27]. Enzymes that are not pretreated or chemically
modified during physical adsorption can interact with MOFs through weak interactions
under mild conditions, which make it ideal for preserving the structure and activity of
the enzymes [22]. Nevertheless, as yet these studies have been limited to the single-phase
catalysis.

Pickering interfacial catalysis (PIC), typically enabled by the use of catalytically active
micro-/nanoparticles to stabilize emulsions, has been developed [28-33]. The previous
works have proved that PIC is a highly efficient biphasic catalysis system. Lately, the
PIC concept has been developed into Pickering interfacial biocatalysis (PIB), in which
biohybrid catalyst particles prepared by integrating enzyme and its solid carriers are used
as Pickering stabilizer [34]. For instance, biohybrid catalyst particles from immobiliz-
ing enzyme into/onto colloidsomes [35], polymersomes [36], MOFs [2,18], and polymer
nanoparticles [12] to be Pickering stabilizer for either esterification or hydrolysis reactions
at water-oil interface. PIB not only improves the reaction efficiency, but also promotes
the recoverability and availability of biocatalyst after reaction. However, the practical
application of PIB is limited by both the small organic/aqueous volume ratio (normally
<1/1) and the instability of the Pickering emulsions [37]. From a perspective of industrial
view, a highly efficient PIB system with properties of high oil/water ratio, super-stability,
and recyclability is still to be developed. Whereas, it is difficult to balance the high-volume
ratio, stability, and recyclability in a PIB system.

Herein, we loaded a model enzyme, Candida antarctica lipase B (CALB) onto ZIF-8 by
physical adsorption to form ZIF-8@CALB nanoparticles (ZCPs) for stabilizing high internal
phase Pickering emulsions (Pickering HIPE) with oil/water volume ratio of 3. CALB lipase
can be considered as the most widely used and effective biocatalyst for amino hydrolysis
reactions. And it has a high stability and enantioselectivity. The catalytic activity of CALB
in aminolysis reactions with primary amines as substrates is remarkable. However, the
catalytic rate and conversion of CALB were very low when the substrate was a secondary
or tertiary amine [38]. HIPE is an emulsion in which the internal phase occupying more
than 74 vol% [39-42]. ZIF-8 has been proved to be a suitable stabilizer for emulsion, even
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HIPE [35], due to their amphiphilic feature to assemble at the liquid-liquid interface [43,44].
With the Pickering emulsion as a PIB system, we measured the catalytic hydrolysis reaction
of p-nitrophenyl palmitate (p-NPP, a poorly water-soluble substrate) to explore the catalytic
hydrolysis ability of ZCP. ZIF-8 was selected as the MOFs material because of its high
surface area, high surface activity [45] and special chemical and thermal stability [46]. The
PIB system stabilized with ZCP produced a large number of micron-sized oil droplets,
which were separated from the water by the amphiphilic nature of the ZCP wrapped
around the surface of the droplets. p-NPP dissolved in the oil phase was converted to water-
soluble p-NP by the catalysis of ZCP, and thus entered the aqueous phase. The biocatalytic
reaction proved that ZCP had high catalytic hydrolysis efficiency at the water-oil interface
because of the synergistic effect of the high specific interface area of the emulsions and the
high catalytic hydrolysis efficiency of the enzymes.

2. Results and Discussion
2.1. Preparation and Characterization of ZCPs

The ZCPs were prepared in two steps. ZIF-8 nanoparticles were first fabricated by the
coordination of Zn?* ions with 2-methylimidazole (HMIM) [44,47], and then CALB was
added using a physical adsorption approach. The intensity peaks of the XRD patterns of
the ZIF-8 nanoparticles were clear and sharp (Figure S1), indicating good crystallinity; and
they matched well with the standard XRD pattern of ZIF-8. The SEM analysis showed that
both of ZIF-8 nanoparticles and ZCPs had a uniform grained size (Figure 1). The ZIF-8
nanoparticles had an angular rhombic dodecahedral shape, while the surface of ZCP were
rough. With the increase of CALB content, the angles on the surface of the nanoparticles
gradually disappeared and tended to be rounded, reflecting that CALB was immobilized
on the ZIF-8 nanoparticles. Jyotsana et al. demonstrated that macromolecular enzymes
cannot enter the interior of MOFs through their voids [17]. This combining with the SEM
images, it was clear that the CALB enzyme was immobilized by adsorption on the ZIF-8
surface.
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Figure 1. SEM images of ZIF-8 and ZCPs.

The content of CALB loading on the ZCP was calculated by comparing the standard
concentration curve of CALB according to the BCA method (Figure S2). Table 1 summarizes
the content of CALB in the ZCP and immobilization rate. As the amount of enzyme used
increased, the amount of immobilized enzyme increased and the immobilization efficiency
decreased.
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Table 1. Enzyme Loading Capacity and Immobilization Efficiency of CALB-Loaded ZIF-8.
Sample Enzyme Loading Capacity (ug-mg=1) Immobilization Rate (%)
ZCP-10 31.6 31.6
ZCP-20 60.5 30.3
ZCP-40 974 24.4
ZCP-80 98.9 12.4

The successful immobilization of CALB on ZIF-8 nanoparticles was also proved by
FT-IR analysis (Figure 2). The characteristic absorption peaks of ZIF-8 nanoparticles were
the C=N stretching vibration at 1581 cm ! and Zn-N stretching vibration at 421 cm~!. For
Z(CPs, in addition to the characteristic absorption peaks of ZIF-8, there was an obvious
absorption peak at 1625-1655 cm~! which belong to the C=0 stretching vibration of
amide group of CALB, and the intensity of the peak increases with the increase of CALB
content [48,49]. This reflected that the successfully loading of CALB on the surface of ZIF-8
nanoparticles to form ZCPs. As listed in Table S1, the immobilization rate was comparable
to the case with other inorganic particles.
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Figure 2. FT-IR spectra of ZIF-8 and ZCPs.

The water contact angles of ZCP-10, ZCP-20, ZCP-40, and ZCP-80 were 70.7 & 2.4°,
67.5 £ 1.5°,65.7 £ 1.2° and 63.7 & 2.5°, respectively (Figure 3), indicating ZCPs became
more hydrophilic as the amount of immobilized CALB increased. The water contact angles
of the ZCPs ranged from 80° to 60°, reflecting that they could be Pickering stabilizer for
oil-in-water (0/w) emulsions [50,51].
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Figure 3. Air-water contact angles on CALB-loaded ZIF-8 substrates: (a) ZCP-10; (b) ZCP-20;
(c) ZCP-40; and (d) ZCP-80.

2.2. Preparation of Pickering Emulsion

The confined oil droplets in o/w emulsion can be considered as an individual mi-
croreactor, which is suitable for interfacial catalyzing poorly water-soluble substrates by
enlarging catalytic contact area and accelerating mass transfer. So that, a stable o/w Picker-
ing emulsion is the basic and key precondition for achieving a high catalytic efficiency.

Microscopy analysis of the Pickering HIPEs with varied internal phase volume fraction
and varied ZCP concentration showed that oil droplets were of diameter in 25-167 um
(Figure 4). The red emission from rhodamine B located in the aqueous phase confirmed
that these emulsions were the type of o/w. The polyhedron n-heptane droplets were tightly
surrounded by aqueous phase like a typical droplet morphology of high internal phase
emulsions [42,52]. The mean droplet size increased with increasing CALB immobilization
content (Figure 4a—d) and decreased with increasing ZCP concentration (Figure 4e,b,f,
respectively). The mean droplet diameters were 55 & 15 um, 76 £ 25 pm, 113 £ 46 pm
and 117 & 50 um, respectively, when the ZCP concentration was kept at 4.0 wt% and the
emulsions were stabilized with ZCP-10, ZCP-20, ZCP-40, and ZCP-80, respectively. The
prepared emulsion was named H-X-Y, where X and Y represent ZCP content in aqueous
phase and the types of ZCP, respectively, as shown in Table 2. Herein, when the fixed
CALB content rose in the 0.632 to 1.978 mg range (Table 1), the water contact angle of ZCP
dropped between 70.7° and 63.7° (Figure 3), which reduced the stability of the Pickering
emulsion and therefore resulted in bigger droplets. As reported in literature, a decrease in
water contact angle of the Pickering stabilizer between 80° to 60° would reduce the stability
of o/w Pickering emulsion [53].
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Figure 4. LSCM images of Pickering HIPEs with different ZCP kinds and concentrations: (a) H-4-
ZCP-10; (b) H-4-ZCP-20; (c) H-4-ZCP-40; (d) H-4-ZCP-80; (e) H-2-ZCP-20; and (f) H-8-ZCP-20. The
aqueous phase was dyed with Rhodamine B, and the emission wavelength was 561 nm.

Table 2. Composition of o/w emulsions stabilized by ZCP.

Sample fi (vol%) 1 ZCP Concentration (wt%) 2 ZCP The Mean Droplet Diameter (um)
H-4-ZCP-10 75 4 ZCP-10 55+ 15
H-4-ZCP-20 75 4 ZCP-20 76 £25
H-4-ZCP-40 75 4 ZCP-40 113 + 46
H-4-ZCP-80 75 4 ZCP-80 117 +£ 50
H-2-ZCP-20 75 2 ZCP-20 110 + 39
H-8-ZCP-20 75 8 ZCP-20 38 £13

I The ratio of internal phase volume to total volume; 2 The content of ZCP in the aqueous phase.

Additionally, the droplet size fell from 110 & 39 pm to 76 £ 25 um and 38 £ 13 pm,
when the dosage of ZCP-20 was steadily raised from 2 wt% to 4 wt% and 8 wt%, respectively
(Figure 4e,b,f). This was because as the concentration of ZCP increased, the number of
nanoparticles per unit volume increased, which reduced the interfacial tension [54,55], and
consequently smaller droplet size.

2.3. Catalytic Activity of Pickering Interfacial Biocatalysts

The Pickering interfacial biocatalytic performance of ZCP was assessed by carrying
out hydrolysis of p-NPP in the PIB system (Figure 5). Specifically, the ZCP-20 aqueous
dispersion was used as the water phase, and n-heptane containing substrate as the oil phase.
Then the ZCP-20 stabilized o/w Pickering HIPE was readily formed via a homogenization.
The resulting confined oil droplets provided microreaction sites, in which substrate p-NPP
would first contact with interfacial catalysts and then convert into p-NP by CALB-catalyzed
hydrolysis [56]. As the p-NP product is poor oil-solubility and good water-solubility, it
would then transfer across the oil/water interface and diffuse into the aqueous phase. The
p-NP is a yellow substance with a chromatic reaction in Pickering HIPE after mass transfer
into water, as a result that the Pickering HIPE quickly changed its color from white to
yellow as the p-NPP-catalyzed hydrolysis reaction proceeded. This process could result in
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a high catalytic activity as the product moved from oil phase to aqueous phase timely once
it generated, facilitating the reaction to the forward direction.

@)
)
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Figure 5. The degree of color development of p-NPP catalyzed reaction under different reaction times;
after centrifugal demulsification, the water and oil phases.

The reaction can be terminated by a simple centrifugation of the emulsion into oil
and aqueous phases, while the reaction substrate p-NPP was in the oil phase, the reaction
product p-NP was in the aqueous phase. The upper oil phase and the lower aqueous phase
were sucked separately using a dropper to ultimately extract the ZCP at the water-oil
interface in a centrifuge tube as the ZCP aggregate there (Figure 5). With this technique,
the catalytic nanoparticles are recovered while the reaction products are separated, making
it easier to recycle the catalytic nanoparticles.

UV spectrophotometry was used to investigate the time-dependent conversion of
p-NPP (Figure 6). As shown in Figure 6b, the hydrolysis of p-NPP in all four PIB systems
achieved a balance conversion rate of around 50% within 1 h. Among them, the hydrolysis
of p-NPP conducted in H-4-ZCP-20 obtained a product conversion of up to 48.9% within
0.5 h (Figure 6b). As control experiments, the hydrolysis of p-NPP run in both the n-heptane
containing the same amount of CALB with it in H-4-ZCP-20 (Table 2) and n-heptane with
ZCP-20 dispersed in it achieved a product conversion of only 6.8% and 10.4% in 0.5 h,
respectively. Moreover, the later control system reached an equilibrium conversion of
20.3% in 2 h, much higher than that (10.8%) in the former control system. These results
demonstrated that the immobilization of CALB to ZIF-8 improved the organic solvent
resistant of the enzyme, and the PIB prepared with ZCP had a much higher catalytic
efficiency than the system prepared with dispersing free CALB or ZCP in solvent. Moreover,
as shown in Table S1, the catalytic activity of CALB herein is significantly higher than those
with silica or carbon nanoparticles as substates, and is closer to that of commercial lipase
N435 [50], indicating ZIF-8 is a good substrate for immobilization of enzyme.
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Figure 6. Interfacial biocatalytic performance for Pickering emulsion stabilized by ZCP. (a) The
reaction of p-NPP hydrolysis to yield p-NP; (b) Time-dependent conversion of p-NPP catalyzed by
different enzyme levels of ZCP in the PIB system and by CALB and ZCP-20 in the n-heptane system;
(c) Time-dependent conversion of p-NPP catalyzed by different concentrations of ZCP-20 interfacial
biocatalysts.

To study the nature of ZCP on the PIB efficiency, ZCP-10, ZCP-20, ZCP-40, and
ZCP-80 (Table 1) were used as Pickering stabilizers to prepare Pickering emulsions with
the ZCP content in the aqueous phase was kept at 4.0 wt% (Table 2). It was found that
the equilibrium conversions all reached above 50% but the time to reach equilibrium
conversions gradually increased (Figure 6b). This phenomenon could be owing to the
decrease in the water contact angle of ZCP from 70.7° to 63.7° (Figure 3) reduced the
stability of the Pickering emulsion and therefore resulted in larger droplets as shown in
Figure 4 [53]. The larger droplet size, the lower interface area (and contact area between
substitutes and CALB), which reduced the catalytic efficiency.

The amount of Pickering biocatalyst in the PIB was also an important fact on its
catalytic efficiency. Herein, a series of Pickering HIPEs with the concentration of ZCP-20
varied between 2%, 4%, and 8% were prepared. The catalytic hydrolysis reaction of p-NPP
was stable after 1 h and the conversion rates were 34.3%, 50.8%, and 65.6%, respectively
(Figure 6c). The rate of the hydrolysis reaction also seemed to speed up (Figure 6c). As the
ZCPs’ content increased, the particle density per unit volume in the emulsion increased.
As a result, the droplets got smaller and the surface area between the substrate and catalyst
increased [57], which increased the catalytic efficiency.

Recyclability is an important performance of immobilization of enzyme for biocatalysis.
To test the recyclability of the Pickering HIPE biocatalytic system, ZCP-20 was collected
by centrifugation of the Pickering HIPE at 800 rpm and removal of both the oil phase and
PBS bulffer after the reaction. Recovered ZCP-20 was washed with PBS buffer and then
n-heptane to be used for the next cycle. In the second reaction cycle, the conversion rate
of p-NPP was 50.2%. The conversion rate was gradually decreasing in cycles 3 to 8, but
was still above 40% (Figure 7), reflecting the firm immobilization of CALB onto ZIF-8. The
high recyclability of the Pickering HIPE system may be due to the avoidance of enzyme
shedding from the ZCP that normally caused by prolonged stirring.
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Figure 7. Recycling results of the ZCP-biocatalyzed kinetic resolution of p-NPP in the stirring-free
Pickering HIPE system.

3. Materials and Methods
3.1. Materials

Zinc nitrate hexahydrate (Zn(NO3);-6H;0, >98%), sodium chloride (NaCl, >99.5%),
potassium chloride (KCl, >99.5%), potassium bromide (KBz, >99.5%), disodium hydrogen
phosphate (NayHPOy4-12H,0, >99.5%), n-heptane (>97%) and potassium dihydrogen phos-
phate (KHpPOy, >99.5%) were purchased from Shanghai Titan Scientific Chemical Reagent
Co. p-Nitrophenyl palmitate (p-NPP, >98%), 2-methylimidazole (HMIM, >99%), rhodamine
B (>98%) and Lipase B from Candida antarctica expressed in Aspergillus (CALB, 6%) were
bought from Sigma-Aldrich (Shanghai, China). Distilled water was lab made.

3.2. Methods
3.2.1. Synthesis of ZCP

ZIF-8 nanoparticles were synthesized according to the literature [58]. Briefly, Zn
(NO3)2-6H,0 (0.744 g, 2.5 mM) in 10 mL of water was rapidly poured into 90 mL aqueous
solution of HMIM (12.31 g, 150 mM) with stirring at 600 rpm for 12 h at room temperature.
After the reaction, the ZIF-8 aqueous dispersion was ultrasonicated for 10 min to form
a uniformly aqueous dispersion. Then various amounts (10, 20, 40 or 80 mg) of CALB
were rapidly added to the ZIF-8 aqueous dispersion with stirring at 600 rpm for 2 h at
room temperature, followed by two centrifugation/wash cycles (10,000 rpm, 5 min) with
deionized water to obtain ZCP. Finally, the ZCP was lyophilized. The resulting ZCP with
various CALB additions were named ZCP-10, ZCP-20, ZCP-40, and ZCP-80, respectively.

3.2.2. Preparation of Pickering HIPE

n-Heptane of 1.5 mL and ZCP-10 aqueous dispersion (4 wt%) of 0.5 mL were charged
into a 10 mL plastic vessel at room temperature. Pickering HIPE was readily formed using
an Ultra Turrax T18 homogenizer at 12,000 rpm for 30 s. The procedure was then repeated
with various nanoparticles (ZCP-20, ZCP-40, and ZCP-80) and contents (2 wt%, and 8 wt%)
to prepared a series of Pickering HIPEs. The prepared emulsion was named H-X-Y, where
X and Y represent ZCP content in aqueous phase and the types of ZCP, respectively, as
shown in Table 2.
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3.2.3. Biocatalysis

Disodium hydrogen phosphate dodecahydrate (13.56 g), potassium dihydrogen phos-
phate (0.28 g), sodium chloride (0.8 g), and potassium chloride (0.02 g) were dissolved in
200 mL deionized water to create a PBS buffer (0.2 M, pH = 8). To prepare a PIB system,
a mixture of 1.5 mL n-heptane containing 2.5 mg-mL~! p-NPP and 0.5 mL PBS buffer
containing ZCP were homogenized at 12,000 rpm for 30 s. The catalytic reaction was then
conducted by simply standing the emulsion in an incubator at 40 °C. The emulsion was
separated by centrifugation at 800 rpm for five minutes to end the reaction. After separation,
the centrifugation, the emulsion was transfer to a three phases system with a top layer
(oil phase), an intermediate layer (ZCPs rich layer), and a bottom layer (aqueous phase).
ZCPs were recovered by isolated from the three layers system by removal of both the top
oil phase and bottom aqueous phase, followed by washing with water and n-heptane. The
washing process was as follows. The separated ZCPs were redispersed into 0.5 mL PBS
buffer and then recovered by a centrifugation at 10,000 rpm for 5 min. The supernatant
was added to the lower aqueous phase sucked from the separated PIB system to reduce
product loss caused by incomplete separation of the PIB system. The ZCPs obtained by
centrifugation were washed with the same procedure but replacing the buffer with 1.5 mL
of n-hexane. The washed ZCPs were then allowed to air-dry at room temperature to be
used in next cycle. The concentration of hydrolysis product p-NP in the water composed of
the supernatant produced by water washing and the aqueous phase separated from PIB
system was investigated with a UV-5800 spectrometer (Shanghai Metash Instruments Co,
Ltd., Shanghai, China). The concentration was determined from the intensity at 405 nm
based on the basic curve from a series of known p-NP content aqueous solution (Figure S3).

ZIF-8 and ZCP were observed by both transmission electron microscope (TEM, JEOL
TEM-1400, Tokyo, Japan) and scanning electron microscope (SEM, Hitachi S-4800, Tokyo,
Japan). 1 mg ZIF-8 nanoparticles or ZCP was dispersed in 5 mL water by sonification for
5 min. A drop of the aqueous dispersion was put on a copper grid and dried in air before
observation. For TEM analysis, the dried sample on copper grid was detected directly.
While for SEM observation, the dried sample on grid was placed in a vacuum ion sputterer
for 60 s, and then the sample was characterization using a SEM at an accelerating voltage
of 15 kV. The structure and the phase purity of ZIF-8 nanoparticles were characterized by
X-ray powder diffraction (XRD, D/max2550VB/PC, Osaka, Japan). The FT-IR spectra of
ZIF-8 and ZCP were detected by an FT-IR machine (Nicolet 5700, Middleton, WI, USA).
For the FT-IR spectroscopy disc sample, 1 mg of nanoparticles and 0.1 g of dried potassium
bromide were ground into a powder and pressed using a flat sheet press into a disc sample
with dimensions of 13.0 mm in diameter and 1.5 mm in thickness.

The water contact angles of ZIF-8 nanoparticles and ZCP were determined as follows.
The nanoparticles were pressed by a tablet press to form a disc sample with a diameter of
13.0 mm and a thickness around 1.0 mm. Then a water droplet of 50 uL was dropped onto
the disc sample, and a contact angle goniometer (JC2000C Contact Angle Meter, Powereach
Co., Shanghai, China) was used to measure the contact angle. The contact angle value was
given by an average of three points of the sample.

Enzymes loading capacity of ZIF-8 were calculated by a BCA assay [59,60]. Basically,
the BCA assay employed the chelation reaction between bicinchoninic acid (BCA) and
Cu* to create a BCA-Cu* complex with potent RR and SERRS activity. Cut was reduced
by the protein in an alkaline environment. Protein content was then measured using the
BCA-Cu* complex’s 562 nm absorbance [59]. To determine the CALB content in the ZCPs,
30 mg of ZCPs was dispersed in 1 mL water by ultrasonification to obtain a ZCP aqueous
dispersion. To determine the CALB content in ZCP, a homogeneous aqueous dispersion of
ZIF-8 was formed by treating it with ultrasound for 10 min. The ZIF-8 aqueous dispersion
was obtained by dispersing 0.5 g of ZIF-8 in 50 mL of water by ultrasonication. Then
various amounts (10, 20, 40 or 80 mg) of CALB were rapidly added to the ZIF-8 aqueous
dispersion with stirring at 600 rpm for 2 h at room temperature, followed by centrifugation
(10,000 rpm, 10 min) to obtain ZCP and supernatant. A 20 uL of the supernatant was mixed
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with 200 pL of BCA reagent. The mixture was then incubated at 37 °C for 30 min and then
cooled to room temperature. The mixture was filtered through a 0.22 um filter and then
measured using a UV spectrometer (UV-5800, Metash Instruments, Shanghai, China). The
change of intensity at 562 nm of the sample was used to calculate the CALB content of ZCP
based on the basic curve (UV-vis vs. concentration of CALB) from a series of known CALB
content aqueous solution (Figure S2).

The calculation of immobilization efficiency is based on Equation (1):

Immobilization rate(%) = %W~100°/0 1)

where m (mg) is the total amount of CALB introduced into the solution; C (mg-mL’l) and
V (mL) are the CALB concentration and the volume of the supernatant, respectively.

The stability of Pickering HIPE was detected by an analyzer of concentrated liquid
dispersions (Turbiscan LAB Expert, Formulation, Toulouse, France). The microstructure of
Pickering HIPE was determined by a laser scanning confocal microscope (LSCM, Nikon
A1R, Tokyo, Japan). Rhodamine B was dissolved in 10 mL of deionized water and sonicated
for 10 min. 0.5 mL rhodamine B aqueous solution containing ZCP of 4 wt% and 1.5 mL
n-heptane were added to a 10 mL centrifuge tube, and then homogenized for 30 s at
12,000 rpm using an ultra Turrax T18 homogenizer to form an emulsion. The emulsion was
observed by the LSCM with a 561 nm argon ion laser used as exciting light.

4. Conclusions

In conclusion, CALB immobilized ZIF-8 nanoparticle (ZCP) was designed as both
Pickering stabilizers and catalytic sites of a PIB system. In this system, a Pickering HIPE,
having an oil/water volume ratio of 3, was prepared with n-heptane containing p-NPP
as the oil phase. The Pickering HIPE provided micro-reactive sites in oil droplets where
substrates p-NPP met interfacial catalyst ZCPs and then hydrolyzed to p-nitrophenol (p-NP).
An equilibrium conversion rate of 48.9% was achieved within 0.5 h, with was much higher
than that (6.8%) of the hydrolysis reaction conducted in a heptane containing free CALB
in 0.5 h. The ZCPs in the PIB system could be easily recovered by a simple centrifugation
of the Pickering HIPE, and then reused in the next biocatalytic reaction cycle. PIB system
maintained about 80% residual activity after 8 reaction cycles, reflecting the high catalytic
efficiency and recyclability of ZCPs. This approach opens the door to the development
of an enzyme-MOFs nanoparticle-stabilized emulsion with high oil/water volume ratio,
stability, and recyclability for sustainable applications in biphasic enzyme catalysis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13020383 /s1, Figure S1: XRD pattern of ZIF-8 nanoparticles,
Figure S2: Standard curve of CALB concentration (0.2 M, pH = 8 PBS buffer), Figure S3: Standard
curve of p-NP concentration (0.2 M, pH = 8 PBS buffer), Table S1: The enzyme immobilization rate and
catalytic properties of immobilizing enzymes onto different kinds of particles. References [9,10,61]
are cited in the supplementary materials.
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